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A.  Lithium Ion Batteries & Storage Mechanism 
The ever growing demand of the portable electronics industry, the electric vehicle 
market, and storage for alternative energy sources has put energy storage devices at the 
forefront of technological investigations [1, 2].  While there may be many ways to store 
the intermittent power that is from alternative energy resources, the demands and 
direction of progress of the portable electronic and electric vehicle industries relies 
heavily on electrochemical storage devices, both batteries and supercapacitors.  This 
dependence on electrochemical storage devices and the need to shift toward higher 
energy density and low mass devices has specifically focused research attention on 
 
Figure 1 (a) Volumetric and specific energy density of many conventional 
electrochemical storage chemistries.  Lithium ion batteries outperform other battery 
chemistries from both a volumetric and specific energy density perspective. (b) 
Schematic of the storage and charge/discharge mechanisms in a conventional 
lithium ion battery comprised of a metal oxide cathode vs. graphitic anode.  Charge 
is indicated by blue arrows and discharge is indicated by red arrows for the 




lithium ion batteries.  Figure 1a shows the performance of lithium ion batteries over 
typical state-of-the-art (SOA) nickel-cadmium and nickel-metal hydride batteries,  with 
respect to specific energy density; this is attributed to the cells’ lighter weight and smaller 
size for a given storage capacity because of the high storage capacity of the active 
materials in comparison to other battery electrode chemistries [4].   
 Lithium ion batteries are rechargeable batteries that shuttle ions between the 
cathode and anode on charge and between the anode and cathode on discharge, while the 
current flows across the external load.  Lithium ion electrodes are conventionally 
intercalation materials where the lithium ions reside in between the layers and spaces in 
the lattice structures of the host material.  A material’s propensity to accept lithium ions 
within its structure determines its storage capacity and viability as an electrode material.  
Theoretical cell voltages can be estimated by the active materials for a given cell 
composition, specifically the standard electrode potentials, where the oxidation potential 
is the negative value of the reduction potential.  The standard cell potential is the 
difference between the anode oxidation potential and the cathode reduction potential.  
The capacity of a cell is also determined by the active materials within the cell and is 
expressed as a quantity of electricity involved in the reaction, designated as ampere-
hours.  For example: 
LiCoO2 +C6  LixC6 _ Li(1-x)CoO2 
 
7.29 g/Ah + 2.68 g/Ah = 9.97 g/Ah or 100 Ah/kg 
The theoretical energy of the cell in watthours is the product of the cell voltage and the 
capacity in ampere-hours.  However, the energy density of a cell is drastically reduced 
when the full cell is constructed and the mass of all the components are considered.  
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Electrolyte, current collectors, separators, containers, and terminals are all necessary parts 
of a battery that add weight but do not contribute to the energy output, thus lowering the 
overall battery energy density [4, 5].   
B.  Lithium Ion Battery Components 
The main constituents of lithium ion batteries are the cathode, the anode, and the 
electrolyte/separator.  The cathode is the positive electrode that is reduced during the 
reaction, and the lithium ions are stored within the cathode when the cell is discharged.  
Transition metal oxides have traditionally been the material of choice for cathodes used 
in high energy density applications.  The cathode Li CoO2, which today has a specific 
energy of 165 Wh/kg and an open circuit voltage of 4.1 V, has more than doubled in 
energy density since its adoption.  However there is still focused interest to identify and 
develop materials that increase the energy density further, while improving rate 
capability and safety (a cause for concern with LiCoO2).  There are several key qualities 
of any good cathode material, namely, the cathode must allow for significant and stable 
reversible intercalation of lithium ions;  demonstrate low electron energy and site energy 
for Li-ions; electrode potential should vary little with Li+ content; demonstrate fast 
diffusion of electrons and Li+; stable over operating voltage range; low cost; lack of 
toxicity; ease of synthesis and reproducibility; and favorable interface formed at contact 
with electrolyte [4]. 
Different cathode chemistries, depicted in Figure 2a,  have been investigated to 
address many of these contributing factors, each offering unique advantages, but also 
exposing possible drawbacks.  Manganese oxide chemistries, LiNiO2, LiMnO2, and 
spinel LiMn2O4 have their individual advantages in safety and cost; however the lower 
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capacity, as compared to the lithiated cobalt-oxide chemistry, is one disadvantage [6].  
Vanadium oxide chemistries can exist in a variety of phases and have been used as 
electrode materials as well.  While they have high capacities, their voltages are typically 
lower than the transition metal oxides, making them suitable for only certain applications 
[4, 7].  In addition, novel phosphate chemistries have been developed and found suitable 
for applications demanding higher power capabilities; LiMnPO4 and LiCoPO4 exhibit 
higher open circuit voltages over metal oxide chemistries, in the range of 4.1 – 4.9 V [6].  
In particular, LiFePO4 meets many of the criteria for effective cathode materials, 
specifically its ability to cycle well at high current rates, its stability against overcharge 
making it a much safer material, and its reduced production costs [8].  Another class of 
materials currently under investigation for use in cathodes is fluorophosphates because of 
their theoretically high cell potential.  Compounds such as LiVPO4F have shown 
promising results to act as storage materials and offer yet another cathode chemistry [8].  
Finally, because of the successful results with the polyanionic phosphate materials, 
silicates have also recently been studied as electrode materials with the general 
composition of Li2MSiO4, where M is a transition metal [8, 9].  However, overall 
silicates tend to be less electronically conductive and demonstrate a lower potential; so 
any major scale-up of these materials would require doping of the particles or composite 
forms with conductive additives.   
The anode is the negative electrode that is oxidized during the battery discharge 
reaction and where the lithium ions are stored when the cell is fully charged.   The 
evolution of lithium ion batteries from lithium batteries came about primarily from the 
shift in anode material toward carbonaceous or lithium alloy materials and away from 
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pure lithium metal.  The low voltage versus lithium of a variety of carbonaceous 
materials led to the investigation and use of graphite, carbon fibers, and meso carbon 
microbeads (MCMB) as the active material in commercial anodes.  Graphite materials 
tend to be efficient intercalation materials, and the mechanism of storage that results in 
the stoichiometry of LiC6 and a theoretical storage capacity of 372 mAh/g in these 
materials is well understood [4, 5].  Additionally, carbon anodes have been an excellent 
initial choice because of their high storage capacity, low cost, long cycle life, small 
volume change of < 9 % upon lithiation, and negative reduction-oxidation 
 
Figure 2 (a) Diagram depicting the lithium ion capacity and electrochemical 
reduction potentials with respect to lithium metal for conventional cathode 
materials (blue axis) and anode materials (red axis).  The cathode materials are 
color coordinated by chemistry type; metal oxides (blue), phosphates (red) and 
orthosilicates (orange) [3]. Scanning electron micrographs of germanium thin films 
on copper (b) before cycling and (c) after eight cycles.  The thin film shows cracking 








potential versus the cathode.  In regards to lithium alloys, Group III, IV, and V elements 
have been examined because of their ability to store lithium at low voltages (Figure 2a).  
LiAl and LiSn systems were initially investigated and followed shortly by silicon because 
it shows the highest possible gravimetric capacity over 4000 mAh/g [10].  Despite the 
potential for high voltage batteries and large gravimetric capacities with these anode 
materials there is limited large scale commercial use of these alloy materials.  The 
primary reason is because a large volumetric expansion is associated with each of these 
elements upon lithiation ranging from 100 to 400 % depending on the specific material.  
With an expansion that great during lithiation, the electrode easily cracks and delaminates 
from the current collector rendering the battery ineffective, which can be seen in the 
delaminating film in Figure 2b.  Ongoing investigations into overcoming this problem 
have lead to a variety of alternative anode fabrication methods including:  high binder 
content, thin film deposition, nano-sized particles, and alloy-carbon composites [11-13].  
Each of these techniques is effective to some extent in mitigating the cracking and failure 
that occurs due to expansion upon lithiation; cycle life has been extended to over 
hundreds of cycles with retention of > 80 % initial capacity.  However, problems still 
arise with continuing electrolyte decomposition and the inability to fabricate a thick film 
to make a commercially viable anode with an appropriate energy density.  The drawbacks 
associated with lithium alloys as anode materials have kept them as ideals with high 
theoretical storage capacity but limited their use in applications.  Ongoing studies to 
mitigate these mechanical issues and employ their high energy, capacity, and safety 
characteristics have included scaling down the active materials and including the active 
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materials in composite structures with polymers or carbons to compensate for the lack of 
film integrity [14].   
The electrolyte and separator combination within a lithium ion battery is a key 
component which requires some important considerations for optimal battery 
performance.  The ionic conductivity of the electrolyte should be high to reduce internal 
cell resistance.  In addition the stability of the electrolyte is an important factor in two 
ways; 1) a high chemical stability prevents decomposition of the electrolyte on highly 
reducing anodes or oxidizing cathodes, and 2) a large voltage window of electrochemical 
stability as determined by the voltage difference between the cathode and anode 
(typically > 4 V).   Furthermore a low melting point and a high boiling point can provide 
adequate conductivity and enhance the battery safety by preventing solidification of the 
electrolyte and explosive reactions at high temperatures.  Non-toxicity of the electrolyte 
in terms of environmental concerns and ease of handling allow for the scale-up use of a 
suitable material, and lastly, an electrolyte at an affordable cost as compared to other 
power sources will aid in its commercial viability [5].  While a host of lithium salts exist, 
most exhibit detrimental characteristics for battery performance (i.e. toxic side chemical 
reactions in the solvents); lithium hexafluorophosphate (LiPF6), being the least damaging, 
is widely used in electrolyte chemistries.  Lithium bis(oxyalato)borate (LiBOB) is 
another potentially effective salt, and along with LiPF6, used in concentrations of 0.4 to 1 
M [15].  LiPF6 works well in a voltage range of 0 – 4.5 V because of its high 
electrochemical stability, but its thermal stability raises concerns in addition to its 
extreme sensitivity to water which can lead to the formation of hydrofluoric acid within 
the cell causing performance degradation.   
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Organic carbonates are suitable and have been widely investigated in lithium ion 
batteries; ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate 
(DMC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), and more recently γ-
butyrolactone (GBL) are commonly used electrolyte solvents, most often found in binary 
or ternary solvent systems [16, 17].  Combinations of cyclic and linear carbonates 
demonstrate enhanced performance, particularly at lower temperatures, over single 
solvent electrolytes; this improved performance is attributed to the decrease in viscosity 
as a linear carbonate is combined with a cyclic one [18].   
Other electrolyte solutions have been studied as electrode chemistries have evolved 
and performance demands have increased.  Fluorinated carbonate electrolytes posses the 
favorable properties of typical carbonates but also demonstrate lower melting points, 
increased stability toward oxidation and favorable solid electrolyte interphase (SEI) 
formation on carbon [19].  Ionic liquids, such as 1-ethyl-3-methylimidazolium 
bis(fluorosulfonyl)imide (EMI-FSI), have also shown promising electrochemical 
properties for their use as a ‘pure’ electrolyte for a carbon anode [20].  Additionally, ionic 
liquids tend to be favorable for high voltage cathode cells because of their ability to 
withstand oxidation/reduction at the higher voltages as compared to the organic solvents.   
Selection of the electrolyte solvent and any co-solvents or additives must be considered 
carefully in regard to the cathode and anode chemistry.  The formation of a properly 
functioning SEI layer from electrolyte decomposition is vital to battery performance and 
many solvents are not compatible with every material.  The protective layer that is 
formed is electronically insulating, but ionically conductive allowing for proper battery 
function; this layer also provides kinetic stability at the electrode surface and prevents 
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further electrolyte decomposition ensuring cyclability.  Considering each of these factors, 
many solvent combinations are possible and trade-offs must be considered; for example, 
PC exhibits many favorable physical properties, but intercalation within graphite anodes 
causes destruction by the formation of propylene gas leading to anode cracking and 
exfoliation [21].  The study of SEI formation is a complicated investigation because of 
the numerous components that potentially are formed and the selection of an appropriate 
characterization technique to analyze the SEI constituents.  However, regardless of the 
electrolyte combination the SEI formation does lead to first cycle loss in a cell because of 
the breakdown of the electrolyte and lithium to form the protective layer.  The amount of 
irreversible loss is very sensitive to the electrode surface and the electrolyte.  Figure 3a 
shows the voltage profile for a variety of carbon nanotube electrodes and how a large 
portion of the first cycle capacity results in irreversible loss (yellow shaded region).  The 
SEI layer can also continue to grow after the first cycle if 
 
Figure 3 (a) First cycle voltage profile of SWCNT electrodes vs. lithium metal.  A 
material comparison shows significantly higher reversible capacity for the purified 
electrode.  The modification of the electrolyte shows an increased reversible capacity 
with the use of DEC over DMC.  The regions of reversible and irreversible capacity 
are indicated by the gray and yellow shaded regions, respectively [3]. A schematic of 
(b) an electrode as the SEI layer forms (c) and continues to grow over prolonged 
cycling to form a thick film. 
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the conditions at the surface are favored toward continued electrolyte breakdown Figure 
3b and Figure 3c schematically show the growth of SEI as cycling continues, leading to a 
complete film covering the active material.  As the SEI layer continues to grow the cell 
impedance increases which leads to a reduction in cell performance.   
Another aspect of the battery composition that is closely related to the electrolyte is 
the separator that electrically isolates the positive and negative electrodes.  These are 
often thin, 10 – 30 µm, microporous films of polyolefin materials.  Separators must 
demonstrate the following properties for use in commercial batteries: resistance to 
puncture, effective pore size less than 1 µm, easily wetted by the electrolyte, resistance to 
shrinking or yielding, high machine direction strength for automated winding, and 
compatibility with the electrolyte and electrode materials.  Polyolefin materials exhibit 
these properties at an acceptable cost, and their low melting point allows them to act as a 
thermal fuse.  Polyethylene and polypropylene lose their porosity as their melting 
temperatures of 135°C and 165°C, respectively, are approached, and the battery is unable 
to function because of the closed electrical pathway to prevent thermal runaway [4].  
Microporous films are necessary when liquid electrolytes are used within a cell; however, 
studies have shown that polymer electrolyte-separators can function adequately within a 
cell for many applications.  These solid-state electrolytes do not require an additional 
membrane for separation because when applied in a thin film they act as the necessary 
barrier to electrically isolate the cathode and the anode.  This field of study is continuing 
to make progress in developing polymer electrolytes with adequate ionic conductivity for 
high current applications. 
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C. Opportunities in Lithium Ion Batteries 
The demand for smaller storage devices continues to grow, and there are ongoing 
investigations into developing superior materials to meet the industries’ demands of small 
and high performance devices.  The development of batteries has progressed slowly 
because of many obstacles posed by cost, safety, and environmental compatibility.  In 
addition, the development of robust high capacity materials is challenging, and today’s 
current SOA chemistries have been nearly optimized and device performance is reaching 
a plateau based upon engineering improvements; novel materials and design are 
necessary to move beyond the SOA capabilities of lithium ion batteries.  The potential to 
improve battery performance lies in several areas of battery development, with active 
materials and electrolyte chemistries being two with the biggest opportunities for growth.  
Because each of these fields is enormous in their breadth, a detailed and thorough 
investigation of any one specific area necessitates limiting the scope of study.  This work 
will focus on the development from synthesis to device testing of high storage capacity 
nanomaterials for their use in lithium ion battery anodes to increase the energy and power 




II. APPROACH TO HIGH POWER & HIGH ENERGY DENSITY ANODES 
A.  High Capacity Semiconductor Materials 
A subset within the anode lithium alloy materials, Group IV semiconductors, has 
been extensively studied because of the theoretical storage capacities of the materials; 
silicon having the highest known capacity at 4200 mAh/g, followed by germanium with a 
theoretical capacity of 1600 mAh/g [11, 22-24].  Similar to other alloying materials 
mentioned previously, the progress toward widespread use of Group IV semiconductors 
is inhibited by their lack of mechanical robustness, and investigations are ongoing to 
develop different structures, composites, and deposition methods to increase cycle life for 
these electrode materials [12, 23, 25, 26].  These materials, with 5 and 10x the capacity of 
conventional graphitic anodes, present opportunities for large improvements in battery 
performance if the challenges in volume expansion can be countered with novel 
structures and electrode designs.  It is necessary for improvements to be made in realizing 
not just partial but the full storage capabilities of these high capacity anode materials 
represented in Figure 2a in order for lithium ion batteries to meet the demands of the 
automotive, electronic, and space industries. 
B.  Nanomaterials 
Nanomaterials have been identified as a viable solution to implement high 
capacity storage materials that are mechanically stable for long term cycling [27-29].  
Nanomaterials also exhibit other properties that may be beneficial for use in 
electrochemical storage.  The small particle size decreases the electron diffusion 
parameters potentially leading to increased rate capability; the high surface area also 
could make lithium absorption more favorable for high capacities; the particle size may 
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also better accommodate the crystalline expansion during lithiation; and many 
nanomaterials can offer enhanced mechanical support and electrical percolation within a 
network.  In particular, groups have shown the use of silicon and germanium nanowires 
and nanoparticles to be effective storage materials for lithium ion batteries, realizing 
storage capacities of 1000 mAh/g, more than three times that of SOA graphite [12, 25, 
30].  Additionally, carbon nanotubes have been investigated as electrode materials in 
traditional composite structures [31-33].  Predicted storage capacity for carbon nanotubes 
with a LiC2 stiochiometry is 1116 mAh/g, a value much higher than graphite anodes, and 
reports of capacities ranging from 400 to 1000 mAh/g have been realized for materials 
through purification [32, 34-37], post-synthesis processing by ball milling [38], 
optimization of electrolyte [34], and high temperature testing [39], with 1000 mAh/g 
cited as the benchmark capacity for free-standing CNT anodes [40, 41].  From Meunier’s 
work, it has been shown that preferential sites exist where lithium ions would be 
positioned in a carbon nanotube and a bundle of CNTs giving rise to this high storage 
capacity [42].  Carbon nanotubes also hold the potential to be used as both a storage 
material and a current collector in a bi-functional design to create a free-standing 
electrode.   
C.  Free-Standing Electrodes 
There are several advantages to free-standing electrodes for lithium ion batteries; in 
particular, they do not require the binder and metal substrate current collectors that 
traditional slurry composites require.  In addition, by using carbon nanotubes as the 
mechanical support there is little necessity for conductive additives within the anode 
because the CNTs act as sufficiently conductive pathways through which the current 
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travels.  The most important advantage of free-standing electrodes is their reduction of 
the cell mass, resulting in an increased energy density.  Figure 4a depicts the scenario of a 
conventional MCMB anode coated on copper paired with a cathode; Figure 4b shows the 
anode composite thickness reduction that can be realized with the use of high capacity 
materials replacing MCMBs and the corresponding 10-20 % improvement in energy 
density with the MCMB replacement is given in Figure 4d.  The drawback to the 
schematic in Figure 4b is that despite the inclusion of a high capacity material there is 
 
Figure 4 Schematic of cathodes paired with (a) conventional MCMB anodes on 
copper, (b) high capacity anode materials on copper, and (c) high capacity materials 
in a free-standing anode. (d) Percent improvement in energy density over state of 
the art technologies replacing MCMB with high capacity materials and replacing a 
composite on copper with a free-standing anode, all paired with a LiNiCoAlO2. (e) 




















































































still conductive additive, binder, and a current collector.  Specifically in this design when 
the anode composite is thinned to capacity match with the cathode the relative weight of  
the anode composite to total electrode mass decreases, amplifying the inactive current 
collector mass in the full cell.  When the conventional composite on current collector is 
replaced with a free-standing anode, pictured in Figure 4c, the full electrode is 
contributing to the storage of the lithium and greater improvements of 40 and 50 % in 
energy density over state of the art are predicted in Figure 4d.  These calculations  
assumed a MCMB anode with a density of 1.3 g/cm
3
, a 92 % weight loading of active 
anode material, and a capacity of 350 mAh/g paired with a LiNiCoAlO2 cathode with a 
density of 2 g/cm
3
, a 90 % weight loading, and a capacity of 185 mAh/g; the average 
voltage of the cell was taken to be 3.5 V and the cathode and anode were areal capacity 
matched with 10 % excess anode.   The lightweight, flexible nature of the CNT free-
standing electrodes are also demonstrated by the image in Figure 4e. 
D. Dissertation Overview 
The broad goal of this research is to improve lithium ion battery energy and 
power density by developing a free-standing anode with high specific capacity 
materials incorporated within a nanoscale conductive network.  Success of this goal 
relies upon an understanding of how constituent materials affect device performance and 
an understanding of materials synthesis and processing to optimize material quality and 
ultimately improve device performance.  The nature of this work required iteratively 
synthesizing and characterizing material, testing electrochemical properties, identifying 
the opportunities for better performing electrodes and returning to the synthesis and 
processing steps.  The use of nanoscale high capacity semiconductors within free-
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standing electrodes has been adequately motivated by the potential advantages of each 
element separately, so the major tasks of this work include identifying effective methods 
of electrode fabrication and fabricating the electrodes to test their electrochemical 
performance.   
Initial demonstrations toward viability of a particular semiconducting material 
within a CNT electrode can be determined through the straightforward method of thermal 
evaporation, resulting in a thin film on top of the CNT electrode, pictured in Figure 5a.  
The potential need for an effective 3-dimensional network motivates the investigations of 
solution and gas-phase processing of germanium and silicon materials to incorporate 
within the CNT electrodes.  A three-dimenstional geometry could provide more 
conductive pathways to enhance diffusion parameters, placing active materials in close 
contact with the current collecting pathways.  The nanoscale porosity of a three-
dimensional network could also accommodate the expansion during lithiation because of 
the meso-pores inherently throughout the structure.  Figure 5b is a representation of the 
potential structure of semiconductors penetrating the CNT network with in situ solution 
processing techniques.  Alternative methods of gas-phase processing are also investigated 
with the goal of creating additional 3-dimensional networks; Figure 5c is a representation 
of nanoparticles that can be formed through chemical vapor deposition synthesis and 
Figure 5d is a depiction of a low pressure chemical vapor deposition of semiconductor 
material on a CNT electrode resulting in a conformal coating of the nanotubes.  Post-
synthesis processing is also a viable option, where Figure 5e depicts a hybrid structure 
formed through the mixing of nanoparticles after synthesis with CNTs to create a 
network, and finally, Figure 5f is a combination of a hybrid electrode coated through a 
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CVD process creating a 3-dimensional network with a conformal coating throughout the 
electrode.   
The inclusion of high capacity semiconductors within a conductive carbon 
nanotube network can improve the capacity of anodes and ultimately the energy density 
of the batteries; however, to have a balanced cell of high energy and power density, 
adequate measures must be taken to ensure capacity retention in high power applications 
[43].  The investigation of the electrical network created by the CNTs is the primary 
focus to achieve this balance.  In particular, reducing the contact resistance of the CNT 
electrodes with the battery terminal is an area where improvements can be realized.  
Efforts to develop good electrical contact for CNT devices have been an area of 
experimental and theoretical study in recent years [44-53], and thin film metal contacts to 
establish low contact resistance have been studied for a variety of applications including 
hydrogen storage, field emission devices, and in microelectronic devices for both 
networks and individual nanotubes [45, 49, 54-65].  The prevalence for certain metals to 
interact favorably with carbon nanotubes has been corroborated by electron microscopy 
studies that probe the ‘wettability’ of several metals and determine their ability to adhere 
and uniformly coat CNTs follows the trend of Ti > Ni >  Pd > Fe > Al > Au [66-68].   
Titanium and nickel were both shown to deposit in a conformal manner on 
individual CNTs [66-68], and this is consistent with theoretical calculations which show 
these two metals as highly favorable contacts for CNTs based upon the carbon nanotube 
side-wall distortion, wetting theories, and surface energies [44, 46, 47, 49, 51, 52, 69, 70].    
The utilization of a more favorable contact between the CNT electrodes and battery 
terminal is an essential step in creating a balanced anode for energy and power, and a 
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variety of metal contacting schemes and their viability will be studied to determine which 
metals can provide a superior contact for CNT free-standing anodes.   
 
Figure 5 Schematic representations of the different deposition or incorporation 
techniques used for this work: (a) thin film deposition of semiconductor mateirlas 
through evaporation creating a bi-layer structure, (b) in situ solution processing to 
form semiconductor particles within a network, (c) gas-phase synthesis of 
semiconductor nanoparticles through a CVD process, (d) semiconductor materials 
deposited through a CVD process to cover the surface and partially penetrate 
 the network, (e) fabrication of hybrid structures by mixing post-synthesized 
nanoparticles within electrode network, and (f) a mixed hybrid which combines the 
hybrid of (e) with the CVD step of (d) creating a 3-D network that has surface 













 The connecting theme between all the materials research in this work is the 
ultimate enhancement of a full battery by exploiting the advantages of these high capacity 
free-standing electrodes.  Calculations have predicted the improvements of replacing 
conventional MCBM composite anodes with these high capacity free-standing electrodes 
when paired with several common cathode chemistries.  The results suggest over 50 % 
improvement in energy density depending on the particular cathode chemistry.  The final 
assembly of full batteries pairing conventional cathode composites with a variety of the 
developed free-standing anodes will provide experimental support towards the viability 




III. EXPERIMENTAL PROCEDURES 
The experimental procedures for this work span a range of techniques from 
material synthesis, to characterization, to device testing.  The methods are grouped into 
sections that most closely relate to one another in the context of the work, not necessarily 
in sequential order of how experiments were completed.  
A.  Carbon Nanotube Synthesis 
Single wall carbon nanotubes were synthesized through a laser vaporization 
process and the schematic in Figure 6a shows the reactor setup [71, 72]. A nickel and 
cobalt doped graphite target was vaporized by an alexandrite or a Nd:YAG laser under 
synthesis conditions of 200 sccm argon gas flow at 760 torr at 1150 
o
C.  The metal in the 
as-produced SWCNT material was removed through an acid reflux and filtered on a 
PTFE filter through multiple water and acetone washes to form a SWCNT paper.  The 
SWCNT paper was purified by a thermal oxidation step to an equivalent level of > 95 % 
carbonaceous purity based upon previous reference materials for laser-synthesized 
materials resulting in paper thicknesses of ~ 10 µm [71, 72].  The purity of the purified 
SWCNTs is assessed by a calibration curve that was developed using the optical 
spectroscopy measurements of a constructed sample set of relative 100 % SWCNTs 
mixed in varying weight percent with 0 % SWCNTs-carbonaceous impurities, shown in 
Figure 6b [71].  The carbon nanotube synthesis and purification methods used in this 
work resulted in a distribution of carbon nanotube properties:  whereby both metallic and 
semiconducting SWCNTs are present with a distribution of chiralities and diameters over 
a range of 1.1 – 1.5 nm.  Figure 6c is a representative SEM image of a purified SWCNT 
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electrode from the laser vaporization synthesis with bundles ~ 10 nm and no visible metal 
catalyst particles or amorphous carbon.  
The multi-walled carbon nanotubes used in this work were synthesized using an 
injection chemical vapor deposition (CVD) reactor with a coaxial injection design,  
 
Figure 6 (a) Schematic of the laser vaporization reactor with the metal doped 
graphite target and the as-produced carbonaceous materials. (b) Absorbance curves 
of a constructed sample set demonstrate the capability to assess purity through a 
simple spectroscopy technique.  (c) Scanning electron microscopy image of purified 
SWCNTs at 80,000x.  
(a) (b)








































pictured in Figure 7a. The injection tip was fabricated using quartz capillary tubing (i.d. 
1mm, o.d. 3 mm) encased in a stainless steel jacket.  Material was synthesized at 850 ° C, 
precursor concentration of 0.08 M, a gas flow rate of 0.75 l/min, and a precursor delivery  
 
Figure 7 (a) Schematic of the chemical vapor deposition reactor with the coaxial 
injection tip and syringe pump. (b) Raman spectroscopy curves of a constructed 
sample set of MWCNTs and carbonaceous impurities, used in a calibration curve to 
assess purity of MWCNTs. (c) SEM image of as-produced MWCNTS as 50,000x.   


































rate of 3.5 ml/h.  Raman spectroscopy is used to assess the purity of the as-produced 
MWCNTs based on a calibration curve developed from a constructed sample set of 
relative 100 % MWCNTs and 0 % MWCNTs-carbonaceous impurities and the Raman 
spectra of the constructed sample set is shown in Figure 7b [73, 74].  Figure 7c is a 
representative SEM image of as-produced MWCNTs from the standard synthesis 
conditions.  The average nanotube diameter is 60 nm, with minimal metal catalyst residue 
and amorphous carbon. 
B. Characterization Techniques 
Scanning electron microscopy was performed using a LEO EVO 50 microscope 
(Zeiss) at a voltage of 10 keV or a Hitachi S-900 field emission microscope at a voltage 
of 2 keV.  Carbon tape was used to mount the samples for imaging for both instruments.  
Raman spectroscopy was performed using a Jobin Yvon LabRam spectrophotometer with 
an excitation energy of 1.96 eV.  Samples were mounted on microscope slides using 
double sided tape.  A crystalline Ge wafer was used as a reference sample to identify and 
characterize germanium peaks.  XRD analysis was performed using a Bruker D2 Phaser 
desktop x-ray diffractometer with a Cu or Co source.  100 mesh Ge powder from Sigma 
Aldrich was included as a reference for the peak location of Ge powder.  
Thermogravimetric analysis was performed on samples of ~1 mg ramped at 10 ºC/min 
from 25 to 1000 ºC under a flow of air at a rate of 60 sccm with a TA Instruments 2950.  
Surface area analysis was performed using the BET method on a NOVA 1000e Surface 
Area and Pore Size Analyzer instrument, with 5-250 mg of test material giving a total 
surface area between 2-50 m
2
.  Strength testing of electrode materials was performed 
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using a dynamic mechanical analyzer Q800 from TA Instruments with a constant pull 
force of 0.1 N/min up to 15 N or until the sample failed by breaking.   
Electrochemical testing of the electrodes was performed using 2016 or 2032 coin 
cells prepared in an inert environment glove box.  Varying electrolytes were used 
throughout this work; typically 1 M LiPF6 (Sigma Aldrich) electrolyte solution in a 
solvent mixture (1:1:2 by volume) of ethylene carbonate (EC), propylene carbonate (PC), 
and diethyl carbonate (DEC) or a 1.2 M LiPF6 solution in EC and ethyl methyl carbonate 
(EMC) (each purchased separately from Novolyte Technologies, Inc) (3:7 by volume) 
unless otherwise stated.  Galvanostatic cycling was performed with an Arbin Instruments 
BT-2000 at 28 
o
C.  Cells were cycled as several different currents across all of the 
experimental procedures; the cycling rates for a given study are detailed in the relevant 
discussion section.  Rates are typically referred to by the actual current and in the cases 
where rates are given in terms of C-rates, a convention is followed that a 1C rate is the 
current necessary to fully discharge a cell in one hour for its given capacity.   
C.  Experimental Methods 
Electron beam evaporation was used as one technique to deposit metals and 
semiconductors on the CNT electrodes.  Graphite crucibles were used to hold the source 
materials and the thickness of the source material deposited was based upon the effective 
thickness as measured using a quartz crystal oscillator at a base pressure of 10
-6
 torr.  
Germanium was deposited in increased thickness to construct a series of weight loadings 
at 10, 20, and 40 % germanium to SWCNT electrodes.  Weight loadings beyond 40% 
were not obtained because the mechanical integrity of the free-standing electrode became 
comprised with higher weight loadings which led to excessive film fracture of the 
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germanium on the SWCNTs.  Titanium and nickel were deposited by electron beam 
evaporation on coin cell lids and the backside of the electrodes in thicknesses of 100 and 
500 nm, to study the effects of low resistance contacts for free-standing electrodes.  The 
100 nm thick film was selected because it was able to provide a full covering of the 
SWCNT electrode with the thinnest possible coating, and the selection of 500 nm was 
chosen to investigate the effects of a thicker, conventional complete thin film contact. 
Several methods were used to synthesize germanium nanomaterials through 
solution chemistry techniques.  Reactions were carried out as stated both in an empty 
vessel and in the presence of CNT papers.  For the reactions in the presence of CNT 
papers, there was a soak step of 1 hour, 8 hours, or 16 hours.  Germanium oxide powder 
was formed by reacting germanium chloride with excess water and drying the powder at 
120 ºC to remove any residual water.  A 0.1 M NaBH4 solution was also reacted with 
GeCl4 to directly reduce the germanium.  After there was no visible reaction of the GeCl4 
and NaBH4 the CNT paper was rinsed with additional water and dried at 120 ºC.  CNT 
papers were soaked in a mixture of GeCl4 and N,N-dimethyacetamide (purchased from 
Sigma Aldrich), 1 mL and 4 mL respectively, at room temperature and 75 ºC; water or 
NaBH4 was added to the mixture after a 16 hr soak.  Lithium naphthalide was formed by 
adding 420 mg of naphthalene (Sigma Aldrich) and 22 mg of lithium metal in 50 mL of 
tetrahydrofuran (Sigma Aldrich) and letting the solution dissolve for 16 hours, when 
there was a visible color change from clear to dark green.  CNT papers were soaked in 
lithium naphthalide before GeCl4 was added to react in the vessel.  GeCl4 was added until 
the green solution turned clear; the CNT paper was removed and dried at 120 ºC.  Other 
aromatic carbons were selected to investigate the effect of size on the reaction 
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effectiveness with GeCl4.  Phenanthrene (588 mg), pyrene (660 mg), and anthracene (588 
mg) (Sigma Aldrich) were substituted for naphthalene in the mixture.  Two sets of 
reactions were carried out in the presence of CNTs; 1) ‘instant’ reactions where the CNTs 
were removed from the vessel immediately after the GeCl4 was added and 2) ‘1 hour’ 
reactions where the CNT papers remained in the reaction solution for 1 hour after the 
addition of GeCl4.  After drying the CNT papers were annealed in argon at 600 ºC for 1 
hour.  Germanium oxide powder and MWCNTs, 40:3 mass ratio, were ball-milled for 20 
minutes resulting in a gray product.  The product was sonicated in cyclohexylpyrrolidine 
with SWCNTs in a 30:2 mass ratio and filtered on a PTFE filter to form a free-standing 
electrode.   
Carbon encapsulated-germanium nanoparticles were synthesized by a modified 
CVD process that has been previously reported [75].  A phenyltrimethylgermane (PTG) 
precursor with o-xylene in a 1:1 (by volume) mixture was injected into a CVD reactor at 
800 °C in an argon environment at ambient pressure to synthesize the nanoparticles. A 
simplified design of experiments was performed to optimize these synthesis conditions, 
which probed the effects of temperature (700-1000 ºC), pressure (700-900 Torr), anneal 
time (1-2 hrs at reaction temperature) and precursor ratio (1:0 – 1:2 PTG:o-xylene) in a 
high-low experimental set-up.  The quality of the synthesized material was assessed 
through visual inspection of morphology by scanning electron microscopy, and 
crystallinity was determined by Raman spectroscopy characteristic peaks.  Material was 
down-selected before electrochemical testing based up on the degree of crystallinity as 
determined by the Raman spectra and uniformity of material by microscopy images.  
Hybrid anodes were prepared by combining relative weight fractions of purified 
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SWCNTs and Ge-NPs measured by a Mettler Toledo high precision balance with a 0.1 
µg readability, sonication in N-cyclohexylpyrrolidine or N-N-dimethylacetamide for 45 
minutes, and filtration on a PTFE filter to form the free-standing electrodes.  The weight 
loadings of the Ge-NP:SWCNT hybrid electrodes were determined initially by testing 
ratios of 2:2, 5:2, and 10:2 w/w Ge-NP:SWCNT.  The physical mass, 2 mg, of the 
SWCNT, was determined by the feasibility of making a free-standing anode with as 
minimal SWCNT material as possible.  The goal was to maximize germanium loading 
and optimize SWCNT loading with as low a weight loading as possible while still 
providing an effective conductive network.  Additional testing revealed the capability of 
the SWCNTs to still maintain an adequate conductive and mechanical network at low 
cycling rates with weight loadings of up to 20:2 w/w Ge-NP:SWCNT.  The 
electrochemical capability of the electrodes was not tested above this weight loading 
because the mechanical stability of the electrode during coin cell fabrication has become 
limited.  The weight loading of the Ti films were determined based upon the weight 
fraction that a 100 nm film contributed to a given hybrid electrode.      
Silicon was deposited on SWCNT and Ge-NP:SWCNT electrodes with two CVD 
processes.  One method was an adapted low-pressure CVD (LPCVD) at 500 ºC at 1 Torr 
with 50 sccm of silane, with the deposition time varying from 5 minutes to 60 minutes to 
vary weight loading [12].  Deposition times did not go above 60 minutes because the 
electrode was completely coated with silicon at this deposition time and the electrode 
started to become brittle while handling.  The second process was plasma-enhanced CVD 
(PECVD) at 400 ºC for 100 – 500 seconds, or with a pulsed RF power approach with 
varying duty cycle time.  This second approach was adapted from a standard 
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microelectronics silicon deposition recipe and the deposition time was kept below 500 
seconds because the rapid deposition rate led to the formation of thick films of Si with 
longer deposition times.    
The prelithiation experiments required calculating the amount of lithium that 
would be necessary to compensate for the first cycle loss by assuming a lithium capacity 
of 4000 mAh/g.  The lithium was thinned by compression and pressed into the surface of 
the anodes in varying amounts of compensation from 0.5 – 2 x the associated loss from 
the SEI formation.  The range of values of selected to investigate the effectiveness of 
adding the exact amount of lithium lost to the SEI formation and then the effectiveness of 




IV. THIN FILM EVAPORATION 
The method of germanium deposition is a critical factor, and selection of electron 
beam evaporation has been utilized because of high deposition rate and film uniformity.  
A series of weight loadings has been prepared using high purity SWCNT electrodes as 
the current collector, and a representative SEM image of the highest loading prepared 
(40% w/w) is shown in Figure 8Error! Reference source not found.a.  The inset 
indicates that the relative thickness of Ge is 1 um and the corresponding SWCNT 
thickness is 15 um, consistent with the bulk density of the SWCNT electrode.  The 
germanium film properties have been characterized by Raman spectroscopy, and the data 
compared to the purified SWCNT electrode is shown in Figure 8b.  The peaks at ~150-
200 cm
-1
 are attributed to the radial breathing modes of SWCNTs and show modest 
intensity suppression with the thin film Ge coating.  The Raman spectrum for a 
crystalline germanium sample with a characteristic peak at 300 cm
-1 
(gray bar), is 
included as a reference.  Amorphous germanium has a characteristic peak at 275 cm
-1
 
(gray bar) so the peak at 290 cm
-1
 for the 40 % w/w Ge-SWCNT sample confirms the 
presence of semi-crystalline germanium [76].  
Electrochemical half cell testing was performed for the electrode series at a 
constant current of 74 mA/g.  Figure 9 is the first cycle insertion and extraction for the  
pure SWCNT electrode and the varying % w/w Ge-SWCNT electrodes.  The formation 
of the SEI layer is evidenced by the plateau at approximately 1.0 V in the voltage profile.  
SWCNTs are known to have a large first cycle loss due to the formation of this layer,  
with a coulombic efficiency of 17 % resulting in a extraction capacity of ~ 500 mAh/g,   
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consistent with previous reports [3].  From the electrode series, a systematic increase in 
capacity is observed for higher germanium loadings up to 800 mAh/g for the 40 % w/w  
Ge-SWCNT electrode.  The non-constant voltage in the extraction profile of the pure 
SWCNT electrode has also been previously observed and is not favorable for high energy 
density battery applications. However, in the case of the Ge-SWCNT electrodes, the 
voltage plateau at ~ 0.4 V, attributed to the germanium, follows a trend as the germanium 
weight loading is increased.  The coulombic efficiency of the half cells also increases 
progressively for higher germanium weight loadings up to 40 % for the 40% w/w Ge-
SWCNT electrode, which is a significant improvement over the purified SWCNT 
electrode.  Collectively, the increase in capacity and extraction voltage will lead to a 
higher energy density anode in a full battery.  
 
Figure 8 (a) Scanning electron micrograph of Ge-SWCNT anode at 10,000x.  (b) 
Raman spectra for crystalline germanium (blue), pure SWCNT electrode (black), 40 
% w/w Ge-SWCNT electrode (red).  The peak at 290 cm
-1
 in the 40 % w/w Ge-
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 which are the characteristic peaks for amorphous and 
crystalline germanium, respectively. 
 
 
Figure 9 Extraction (solid) and insertion (black) voltage profiles for the first cycle of 
the (a) pure SWCNT electrode (solid line); (b) 10%  w/w Ge-SWCNT electrode; (c) 
20% w/w Ge-SWCNT electrode; and (d) 40 % w/w Ge-SWCNT electrode (dashed 
line).  The electrochemical cycling was at a constant current of 74 mA/g with a 1 M 









0 500 1000 1500 2000 2500 3000
0 200 400 600 800 1000






























0 500 1000 1500 2000 2500 3000
0 200 400 600 800 1000






























0 200 400 600 800 1000
0 % Ge SWCNTs






























0 500 1000 1500 2000 2500 3000
0 200 400 600 800 1000






























0 200 400 600 800 1000
0 % Ge SWCNTs




























0 500 1000 1500 2000 2500 3000
0 200 400 600 800 1000


























Figure 10 (a) First cycle extraction profiles for the series of Ge-SWCNT electrodes, 
0 – 40 % w/w.  The electrochemical testing was at a constant current of 74 mA/g.  
(b) Extraction capacities at 1.5 V for Ge-SWCNT anodes and predicted values of 
capacities for higher weight loadings of germanium.   
The systematic improvements in capacity and voltage profile are evident in the 
first cycle extraction profiles overlaid in Figure 10a.  Across the electrode series, the 
contribution from the germanium is enhanced at higher weight loadings.  The linear 
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extraction capacity for half cell measurements at a cutoff voltage of 1.5 V.  It is shown 
from the linear extrapolation that higher weight loadings of 60 and 80 % w/w germanium 
could lead to a further increase, nearly doubling the free-standing electrode capacity.  
However, such an extrapolation assumes that improvements in the capacity will not be 
achieved at a cost to reversible cycling.   In the case of the present electrodes, the 
extraction capacities for the first ten cycles are shown in Figure 11.  After a small first 
cycle decrease, there is minimal fade for all the electrodes over these cycles, albeit the 20 
% w/w electrode demonstrates a small increase in capacity.  The largest fade is observed 
for the 40 % w/w Ge-SWCNT, and suggests the reversible cycling may start to be limited 
by the thicker electrode.   Although higher germanium loading electrodes will provide 
higher initial capacities, the values for the 20% and 40% w/w electrodes already show 
considerable improvement over state-of-the-art, and higher loadings are expected to only 
further increase the cycle fade due to increased volumetric expansion during lithiation.
 Full batteries were constructed by pairing LiCoO2 cathodes with a pure SWCNT 
electrode, 40 % w/w Ge-SWCNT electrode, and MCMB composite anodes, as a point of 
comparison.  The batteries were cycled at a C/10 current rate with respect to the 
particular anode and Figure 12 shows the first cycle discharge voltage profiles of the full 
batteries.  The battery composed of the Ge-SWCNT anode demonstrates a generally 
constant discharge voltage at 3.35 V as compared to the varying voltage of the SWCNT 
electrode.  In addition, a significant improvement in anode capacity is observed for the 
Ge-SWCNT anode over the MCMB anode.   A comparison is shown between the MCMB 





Figure 11 Electrochemical cycling extraction capacities for first 10 cycles of the 
series of electrodes at 74 mA/g. 
(green curve) when the contribution of the inactive copper current collector is factored in.  
Thus, the reduction in the useable capacity of the MCMB anode significantly reduces the 
effective energy density of the MCMB anode.  In comparison, the free-standing Ge-
SWCNT anode demonstrates an anode energy density of 1600 Wh/kg, while the 
SWCNTs, MCMB active materials, and MCMB anodes have values of 400, 1000, and 
670 Wh/kg, respectively.    One of the advantages for SWCNT electrodes is the ability to 
be discharged well below conventional limits of 2.5V.  The MCMB/graphite-based 
batteries are prohibited from cycling to a level like 1V or lower consistently due to 
oxidation of the copper foil substrate.  Therefore, the SWCNT based batteries offer the 






2 4 6 8 10
 0 % Ge SWCNTs
10 % Ge SWCNTs



















Figure 12 First cycle voltage profile for full batteries.  MCMB, SWCNT, and Ge-
SWCNT anodes are paired with LiCoO2 cathodes and cycled at C/10 with respect to 
the anode.  The green curve for the MCMB anode is the reduced useable capacity 
for the anode accounting for the mass of the metal foil current collector.  The Ge-
SWCNT anode demonstrates a energy density of 1600 Wh/kg versus 670 Wh/kg for 
the MCMB anode.     
capacity with improvements to the discharge voltage profile compared to conventional 
MCMB materials.      
As a way to better understand the impact of the higher anode energy density 
results, a model has been developed to determine the theoretical improvements in a 
properly matched full battery design.  The model considers the direct replacement of 
MCMB anodes on traditional metal foil current collectors with the free-standing Ge- 
SWCNT anodes.  The algorithm pairs the Ge-SWCNT anode with LiCoO2, LiFePO4, and 
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given cell composition.  The cathode composite is assumed to be deposited on 20 um 
aluminum foil and contains 90% active material w/w with the following assumptions:  
LiCoO2 – 150 mAh/g capacity and density of 2.7 g/cm
3
; LiNiCoAlO2 – 180 mAh/g 
capacity and density of 2.0 g/cm
3
; and LiFePO4 – 165 mAh/g capacity and density of 1.3 
g/cm
3
.  The remaining 10% w/w in the cathode composite is assumed to comprise equal 
ratio of binder and conductive carbon (density of 1.3 g/cm
3
). The control anode is a 
MCMB composite (with an active capacity equal to 300 mAh/g and a density of 1.3 
g/cm
3
) containing 90% active material w/w and 10% w/w binder and conductive carbon 
deposited on 20 um copper foil.  The model algorithm proceeds by simultaneously 
optimizing the cathode and anode layer thicknesses and the number of electrode packs, 
the unit cell comprising an anode, separator, and a cathode, to maximize the overall 
battery specific capacity comprising an assumed volume of 1 cm
3
; while also factoring in 
a derating value of 50% to account for packaging and electrolyte contributions in the 
battery mass and volume. Figure 13 details the calculated improvements in energy 
density for the Ge-SWCNT electrodes over the state of the art MCMB anode materials 
(open symbols).  The half-filled symbols in Figure 13 represent the measured values for 
the 40% w/w Ge SWCNT anode and the closed symbols represent a theoretical 80% w/w 
Ge-SWCNT anode based upon the projected extraction capacity from Figure 10b.  Thus, 
the specific energy densities for a full battery with the Ge-SWCNT anodes can become as 
high as the following:  LiFePO4 - 200 Wh/kg, LiCoO2 - 250 Wh/kg, and LiNiCoAlO2 - 
275 Wh/kg.  It is interesting to note, that the LiFePO4 cathode which with today’s 
technology produces a lower energy density battery than its peer chemistries could 
achieve 200 Wh/kg with a germanium-SWCNT free-standing anode.  Such advancement 
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would allow the safer LiFePO4 chemistry to become more attractive for electric vehicle 
applications necessitating both high power and high energy density.  
 
Figure 13 Modeling results for battery specific and volumetric energy densities for 
MCMB batteries, the 40% Ge-SWCNT anode batteries, and theoretical values for 
an 80% Ge-SWCNT anode paired with LiCoO2, LiFePO4, and LiNiCoAlO2 
























































150 200 250 300 350




V. LOW RESISTANCE CONTACTING 
 The present study investigates the electrochemical capacity and rate capability of 
free-standing SWCNT electrodes with and without Ti and Ni contacts to assess their 
candidacy for improved electrical contacts for battery electrodes.  Nickel and titanium 
were selected as potential electrical contacts on coin cells because of their favorable 
compatibility with carbon nanotubes and their accepted use in the battery community.  
Initial measurements used separable metal contacts deposited on the cathode side of the 
coin cell can to investigate the interaction with SWCNT electrodes.   
 Figure 14a is the first cycle charge/discharge for the SWCNT electrodes in 
contact with the Ni and Ti-metalized coin cells at a constant current of 74 mA/g with 
respect to the SWCNT mass.  The purified free-standing SWCNT electrode (blue, 1) 
exhibits a specific capacity of 550 mAh/g, which is consistent with previous work for 
similar materials[3, 32, 34, 36, 37, 39, 41, 77, 78]. Figure 14a illustrates that the use of Ni 
and Ti-metalized coin cell cans provides a marked improvement in the reversible lithium 
ion capacity for SWCNT electrodes achieving 680 and 1050 mAh/g, respectively.  Each 
of the SWCNT electrodes in Figure 1 has a coulombic efficiency of 20 %, which is 
independent of metal contacting.  Such a loss can be addressed in full battery designs 
using pre-lithiation steps [3, 34, 39].  A reversible capacity of 1050 mAh/g exceeds the 
highest measured value to date for purified free-standing SWCNT electrodes and 
illustrates the opportunity to enhance lithium ion capacity with appropriate separable 




Figure 14 (a) First cycle insertion and extraction voltage profile for SWCNT 
electrodes on a stainless steel cell (blue, 1,) titanium coated cell (green, 3,), and 
a nickel coated cell (red, 2,) at a current of 74 mA/g.  (b) Cycling for the SWCNT 
electrodes on metalized coin cell cans at 74, 186, 372, 744, and 1860 mA/g.   
Figure 14b depicts the capacity for 50 cycles over five currents for each of the 
SWCNT electrodes measured in contact with the metalized coin cell cans.  The nickel-
metalized coin cell (red,) demonstrates an improvement in capacity over the stainless 
steel can at lower currents, but the improvement falls off as the rate of cycling is 
increased.  The improvement in capacity with the use of a titanium-metalized coin cell 
(green,) persists at higher currents outperforming the conventional stainless steel and 
Ni-metalized coin cell cans.  It is important to note that the reversible capacity of the 
SWCNT electrodes with Ti-metalized cans is stable over the number of cycles measured.  
Such an improvement in electrochemical performance observed through the use of 
titanium on the coin cell can may be attributed to the enhanced ohmic contact from 




Figure 15 Scanning electron micrographs at 20,000 x magnification of a) the 
interface between coated and uncoated carbon nanotubes for 100 nm SWCNT-Ni 
electrode, and the (c) 100 nm SWCNT-Ti electrode.  The uniform bundle coating is 
shown for the (b) 100 nm SWCNT-Ni electrode, and the (d) 100 nm SWCNT- Ti 
electrode.  (e) The first cycle extraction for a SWCNT electrode (blue, 1), the 100 nm 
SWCNT-Ni electrode (green, 2), and the 100 nm SWCNT-Ti electrode (black, 3) at a 
current of 74 mA/g with a standard electrolyte of 1 M LiPF6 EC:PC:DEC.  The 
capacity is a function of SWCNT mass only. 
The measured improvements in reversible capacity for purified free-standing 
SWCNT electrodes with nickel and titanium separable contacts, as well as the known 
“wettability” of these metals onto the SWCNT surface [53, 68], warranted an 
investigation of direct deposition of the metals.   The metals were evaporated onto 
SWCNTs electrodes and are designated as SWCNT-Ni and SWCNT-Ti, respectively, to 
represent the [active material]-[thin film electrical contact].  Figure 15a shows an 
interface (top-down) between the high purity SWCNT morphology and the 100 nm Ni 
coating on the SWCNTs, and Figure 15b shows an area completely coated with 100 nm 
of Ni.  With a thickness of 100 nm, there is uniform metal coating on the SWCNT 
bundles, but the carbon nanotube morphology is still visible.  Similar to the nickel 
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deposition, the SEM images in Figure 15c and Figure 15d show that the 100 nm titanium 
evaporation leads to a conformal coating of titanium over the SWCNT bundles in the 
electrode as well.   
Electrochemical half cell testing was performed for the 100 nm SWCNT-Ni and 
SWCNT-Ti electrodes at five charge/discharge currents to investigate the effect on 
bundle-coating within the bulk electrode.  Figure 15e shows the first cycle extraction of 
the control SWCNT electrode (blue, 1), the 100 nm SWCNT-Ni electrode (green, 2) and 
the 100 nm SWCNT-Ti electrode (black, 3) at a constant current of 74 mA/g.  The 
SWCNT-Ni electrode exhibits an increase in capacity for the first cycle of 880 mAh/g for 
the active SWCNT mass compared to the control SWCNT electrode of 550 mAh/g.  The 
100 nm SWCNT-Ti electrode shows an additional increase in reversible capacity up to 
1100 mAh/g. Each of the SWCNT electrodes showed a comparable coulombic efficiency 
regardless of deposited metal contact. It is of importance to note that there is no evidence 
to suggest the improvements in storage capacity are coming from lithium insertion into Ti 
or TiOx which would occur around 1.5 - 1.7 V [79, 80], but rather from enhanced storage 
within the SWCNTs.   
Initial electrochemical characterization indicated titanium outperforms nickel 
giving rise to the investigation of a thicker titanium layer.  A 500 nm thick titanium layer, 
shown in Figure 16a and Figure 16b, was deposited on the SWCNTs to determine if 
creating a thin film contact with the coin cell can through coating the SWCNT bundles 
and a complete filling of nanopores within the SWCNT electrode would further increase 
the active material capacity.  Figure 16c illustrates the first cycle extraction capacity for 
the electrode series scaled with respect to the entire electrode mass.  The performance of  
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the 500 nm SWCNT-Ti electrode (red, 3) is close to that of the 100 nm SWCNT-Ti 
electrode (black, 4), with specific electrode capacities of 925 mAh/g and 1000 mAh/g, 
respectively.  The lack of any improvement with the thicker titanium film suggests that a 
100 nm film is sufficient to improve electrochemical performance of the SWCNT 
electrodes; however, it is possible that slight modifications in the titanium thickness of 
100 nm up to 500 nm may provide an even higher lithium ion storage capacity within the  
SWCNT active material.  Even with the inclusion of the inactive metal contact mass, the 
metalized – SWCNT electrode still significantly outperform the control SWCNT 
electrode in specific capacity; 750 mAh/g for the SWCNT-Ni electrode, 925 mAh/g and 
1000 mAh/g for the 500 nm and 100 nm SWCNT-Ti, respectively. 
   There is a significant increase in capacity over the first ten cycles in the SWCNT-Ti 
samples which is attributed to an increase in the number of accessible lithium ion storage 
sites as the half cell is cycled.  Figure 16d shows the extraction curve of the tenth cycle 
for the total electrode mass for all the electrodes indicating the increased capacity after 10 
cycles with values as high as 1250 mAh/g for the 100 nm SWCNT – Ti electrode.  The 
enhanced electrical contact by the titanium with the SWCNTs is shown to increase 
capacity over the first few cycles and would be included during a protocol for 
conditioning in a full battery.  The additional capacity may be attributed to lithium ion 
insertion around inner carbon nanotubes within the close-packed bundles, making a larger 
percentage of available SWCNTs active for charge transport.  Overall, the capacity for a 





Figure 16 Scanning electron micrographs at 20,000 x magnification of (a) the 
interface between coated and uncoated carbon nanotubes for the 500 nm SWCNT-
Ti electrode and (b) SWCNT-Ti completely coated with titanium; (b) first cycle 
extraction for the total free-standing electrode mass for a SWCNT electrode (blue, 
1), the SWCNT-Ni electrode (green, 2), and the SWCNT-Ti electrodes at thicknesses 
of 100 nm (black, 4) and 500 nm (red, 3) at  a current of 74 mA/g with a standard 
electrolyte of 1 M LiPF6 EC:PC:DEC; and (c) the extraction for cycle 10 of the total 
free-standing electrode mass, at 74 mA/g. 
Figure 17a shows the full electrode capacity for the SWCNT, SWCNT-Ni, 
SWCNT-Ti, and MCMB anodes as function of cycle number with ten cycles shown for 
each current rate, determined from the active material mass (74, 186, 372, 744, 1860 
mA/g).  Each of the electrodes decreases in capacity as the current increases; however, 
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the SWCNT-Ti electrode maintains an increase in capacity by more than 90% at the 
higher current rates.  For comparison, a standard mesocarbon microbead (MCMB) anode 
was prepared and tested under the same half cell and constant current conditions.  The 
MCMB anode exhibits capacity reduction at higher currents as well, with capacity 
reducing to less than 10 % of the initial at a current of 1860 mA/g.  The significant 
improvement in rate capability for the SWCNT-Ti electrode over the MCMB anode is 
evidenced by a more than doubling in capacity even at similar C-rates.  Figure 17b shows 
that for a comparable 1C rate, the SWCNT-Ti electrode has a capacity of 350 mAh/g, 
which outperforms the state-of-the-art MCMB anode with a capacity of 200 mAh/g.   
 
Figure 17 (a) Lithium ion capacity as a function of cycle number for the SWCNT 
electrode (orange,), the SWCNT-Ni (blue,), the SWCNT-Ti electrodes (100 nm - 
black,; 500 nm - red,), and a MCMB anode (green,) for five charge/discharge 
currents (74, 186, 372, 744, and 1860 mA/g) at 10 cycles for each current. (b) 
Maximum lithium ion capacity for each of the electrodes at a constant current with 




The significant improvement in electrochemical performance of laser vaporization 
synthesized SWCNTs with the use of titanium as a metal contact is clearly demonstrated 
in this study. A similar effect in increased capacity has also been measured with other 
SWCNT materials; namely HiPCO synthesized CNTs (Unidym) and commercially 
available CNTs (Nanocomp Technologies, Inc.).  The results illustrate that the choice of 
metal is critical to improve electrochemical performance as well as the deposited 
thickness; as it can influence the overall free-standing electrode specific capacity.  The 
present results show that a 500 nm thick Ti contact does not improve the electrode 
specific capacity nor rate capability over a 100 nm thick film.  Thus, the least amount of 
Ti necessary to improve the electrode performance is critical from an energy density 
standpoint since the titanium is an inactive material in the anode.  An optimal Ti contact 
layer thickness will be directly related to the morphology of the free-standing SWCNT 
electrode, including the diameter and length distribution of the CNTs along with the 
degree of carbon nanotube bundling which influences the electrode porosity.  In addition, 
the use of titanium over a traditional copper substrate maintains the opportunity for a 
battery capable of deep discharge to improve battery storage and performance after 
extended periods of inactivity [81].   
 The measured improvement in capacity for SWCNT-Ti electrode rate capability 
could lead to development of a battery that performs in both high power and high energy 
applications.  To further advance this concept, a thin film of titanium (100 nm) was used 
on the backside of a Ge-SWCNT electrode in a design that was previously measured to 
increase the anode energy density by a factor of three compared to conventional MCMB 
anodes.  Electron-beam evaporation was used for the deposition of titanium and 
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germanium to ensure accurate thickness control monitoring.  Figure 18a shows the first 
cycle extraction electrode capacity for a Ge-SWCNT electrode (700 mAh/g) and a Ge-
SWCNT-Ti electrode (1200 mAh/g) where the titanium side is in contact with the coin 
cell can.  The Ge-SWCNT-Ti electrode maintains the same favorable voltage profile as a 
Ge-SWCNT electrode but with an enhancement which improves the effective energy 
density of the anode when paired with a cathode in a full battery [23].  Figure 18b shows 
the differential change in capacity as a function of voltage for both the Ge-SWCNT and 
Ge-SWCNT-Ti electrodes.  The results clearly illustrate the relative improvement in 
reversible Li
+
 capacity for both Ge (predominant contribution between < 1 V) and 
SWCNTs (>1V) with the deposition of Ti contacts. The additional contribution from the 
SWCNTs below 1.5 V with the use of titanium is evidenced by the additional peak at 
~1.2 V present in the Ge-SWCNT-Ti half cell data. 
 
Figure 18 (a) The first cycle extraction for a Ge-SWCNT electrode (red) and a Ge-
SWCNT electrode with a Ti thin film (blue) at a current of 74 mA/g with a standard 
electrolyte of 1 M LiPF6 EC:PC:DEC. (b)  The differential change in capacity 
(dC/dV) as a function of voltage from 5 mV – 3 V; the axes are rotated to emphasize 




Figure 19 (a) Lithium ion capacity as a function of cycle number for the Ge-SWCNT 
electrodes without (red,) and with (blue,) titanium for five charge/discharge 
currents (74, 186, 372, 744, 1860 mA/g) at 10 cycles for each current.  (b) Maximum 
lithium ion capacity for each of the electrodes at a constant current with dashed-
trend lines for figure clarity. 
Rate capabilities of the Ge-SWCNT and Ge-SWCNT-Ti electrodes were 
examined under five currents (74, 186, 372, 744, 1860 mA/g) at 10 cycles each, and the 
capacities are shown in Figure 19a.   Similar to the performance of the SWCNT-Ti 
electrodes depicted in Figure 17, the improvement in capacity with the use of titanium for 
the Ge-SWCNT electrodes persists at higher rates.  Figure 19b shows that for a 
comparable 1C rate (using the dashed lines as a guide) the Ge-SWCNT electrode has a 
capacity of 200 mAh/g whereas the Ge-SWCNT-Ti electrode would have a capacity of 
approximately 550 mAh/g.  The ratio of the storage capacity within the germanium, 
below 1 V, and within the SWCNTs, above 1 V, persists at the higher C-rates, suggesting 
the capacity of the germanium is not completely reduced at higher currents.  Such results 
for the Ge-SWCNT-Ti electrode dramatically exceed the conventional MCMB values 
from Figure 17, and represent a benchmark rate capability for free-standing anodes.  
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Furthermore, the electrochemical results herein demonstrate that the electrical 
conductivity of the SWCNT-Ti electrode is a sufficient current collector (as a 
replacement for copper foil) to support the Ge-active material in the anode for 
applications with modest rate demands. 
The experimental results for the Ge-SWCNT-Ti electrodes show that a dramatic 
improvement in lithium ion capacity can be achieved at C-rates >1C, which could 
improve both the power and energy density in a full battery.  Incorporation of the 
measured capacity values into a battery model, recently described, can provide a 
theoretical estimate on the relative improvement in the energy density of a full battery 
[23, 82].  The model calculations consider the direct replacement of MCMB anodes on 
traditional copper current collectors with the free-standing Ge-SWCNT-Ti anodes.  The 
algorithm pairs the anode with a LiFePO4 cathode and determines the theoretical energy 
density improvements for a given cell composition based on the measured free-standing 
anode capacities.   The control anode (is similar to the one highlighted in Figure 4 for an 
MCMB composite) and cathode model assumptions are equivalent to previously reported 
parameters [23, 82]. Selection of LiFePO4 as a suitable cathode match for the present 
design is based on the excellent rate capability for this cathode that leads to minimal 
capacity fade at modest C-rates based upon previous work [83].   
Figure 20 highlights the outcome of the model calculations in the Ragone plot for 
the Ge-SWCNT-Ti:LiFePO4 batteries based upon the measured capacity and rate studies 
from Figure 19. Thus, the specific energy density for a full battery with the Ge-SWCNT-
Ti anodes paired with LiFePO4 can become as high as 210 Wh/kg at low rate, and exceed 
175 Wh/kg at a 2C rate. This is a dramatic improvement over calculated energy densities 
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for the MCMB anode paired with LiFePO4, representing a 60 % increase in energy 
density over the range of C-rates when using a Ge-SWCNT-Ti free standing anode.  In 
addition, Figure 20 illustrates the performance values by the shaded bands for 
commercial lithium ion batteries from A123 systems (experimental data on their 18650 
cells containing the nanophosphate® chemistry) and SAFT’s reported data for their VLE 
technology [2].  Although not as high over the range of C-rates, the SWCNT-Ti anode 
would exceed the MCMB-LiFePO4 energy density (132 Wh/kg) by ~10%, even with the 
much lower average cell voltage (i.e. 2V).  The proposed improvements in battery energy 
and power density with a Ge-SWCNT-Ti:LiFePO4 design is clearly evident.  It is 
interesting to note that the LiFePO4 cathode, which is desirable for today’s technologies 
due to the inherent safety generally produces a lower energy density battery than its peer 
chemistries [84], but could achieve >200 Wh/kg with a Ge-SWCNT-Ti free-standing 
anode.   
   The collective results in the present study demonstrate a dramatic improvement in 
lithium ion capacity and rate capability for SWCNT electrodes with the use of Ni and Ti 
contacts.  The improvements have been observed with both separable and thin film 
contacts with Ni illustrating modest increases and Ti contacts promoting dramatic 
increases in both capacity and rate capability.  No additional improvement has been 
observed when contacting both the SWCNT electrode and the coin cell can in concert.  
Therefore, the overall enhancement is proposed to be governed by several factors 
including the following, as discussed in more detail below:  (1) reduction of contact 





Figure 20 Ragone plot with the calculations from the numerical model for the 
MCMB anode (black,) and a Ge-SWCNT-Ti anode (red,) paired with a 
LiFePO4 cathode.  The green and blue bands illustrate the typical range of values 
for two commercial lithium ion battery designs from A123 and Saft, respectively.  
Dashed lines for 0.1, 1, and 10 C rates are shown in gray.     
deposition leading to a more uniform electrical contact at the nanoscale, and (3) energy 
level matching that promotes electron coupling to certain SWCNT chiralities.   
The use of a metal, in general, has been reported to lower the contact resistance 
for CNT electrodes which would allow for better charge transfer at the electrode-can 
interface [44, 50].  In addition, if a metal can be deposited and “wet” the carbon nanotube 
surface, this will lead to a uniform coating on the SWCNT bundles which enhances the 
contact.  If enough metal is deposited, it can ultimately fill the void-space in the bulk 
carbon nanotube electrode and create a uniform thin film contact [49, 53, 68].  However, 
a complete thin film across the electrode does not improve the anode performance which 
the 500 nm titanium layer demonstrated.  Thus, a tradeoff between the amount of inactive 
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metal mass and the degree of coating on the SWCNT bundles will lead to the optimal 
SWCNT electrode capacity. 
 The ‘wettability’ factor of these metals is heavily influenced by the interfacial 
energy and diffusion barriers which are low and high, respectively, for titanium and 
nickel giving rise to the uniform coating [70].  In particular, titanium is shown to have 
higher binding energies to carbon nanotubes and a propensity to form conductive carbide 
bonds because of the 3d and 4d orbital vacancies, as compared to other metals [52, 68, 
70, 85].  An additional factor is proper alignment of the metal work function with the 
discrete-like energy states in SWCNTs for effective electron coupling [49].  
The schematic in Figure 21 depicts an energy level diagram for the various 
materials under investigation in this work.  The work function values for the metals 
appear to the right [86, 87], while the left side of the figure shows both experimental and 
theoretical conduction and valence states for metallic and semiconducting SWCNTs.  The 
work function for the only truly metallic SWCNT, an isolated armchair, is given as a 
solid blue line at 5.0 eV, which lies close to the middle of the band-gap of the 
semiconducting carbon nanotubes [88].  The symmetric dashed lines (blue) running 
parallel to the metallic SWCNT work function are trend lines for the pseudogap values, 
from 20 to 100 meV, that are present for chiral and bundled ‘metallic’ carbon nanotubes 
[89].  The blue data points are from experimentally measured values and fitted by the 
blue dashed line following the equation: 




  (1) 
where γ0 = 2.60 eV, the tight-binding transfer matrix element, acc = 0.142 nm, the carbon-
carbon bond distance, and R is the carbon nanotube radius [89].  The metallic (M11) 
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conduction and valence states are noted by the green shaded band from work based upon 
energy transitions in carbon nanotubes [90]. The dark green trend lines in these metallic 
transition bands arise from the trigonal warping effect resulting in ‘high’ and ‘low’ 
energy transitions for non-armchair carbon nanotubes [90, 91].  The data points for the 
first and second conduction and valence states of semiconducting carbon nanotubes (S11 
and S22) come from experimental work with SWCNTs [92]. The dashed trend lines 
passing through the data points are consistent with these values based upon equation (2) 
where dt is the carbon nanotube diameter,  and was extrapolated to 1.6 nm diameter 
carbon nanotubes for the figure [93]: 
Es gap = (0.34 eV/dt) + (1.11 eV/ (dt + 0.11))   (2) 
The corresponding shaded color regions of the semiconducting states also are based upon 
the SWCNT electronic transitions to reflect the range of possible values for a distribution 
of carbon nanotubes [90].  The diameter range of SWCNTs used in this work, 1.1 – 1.5 
nm, is shown in the hatched region. The first conduction state for the semiconducting 
carbon nanotubes (gray) lies in the range of 4.0 – 4.4 eV which favorably aligns with the 
work function of titanium (4.33 eV), contributing to the improved performance 
demonstrated by titanium [49, 52, 68, 92].  The alignment of nickel’s work function (5.15 
eV) with that of metallic carbon nanotubes (blue) could be favorable for electron 
transport at the metal-carbon nanotube interface, and may explain the minor 
improvements with its use. However, the work function value of nickel less favorably 
aligns with the semiconducting carbon nanotube transition energy levels (gray and red) as 
compared to titanium.  In addition, the work function for titanium carbide favorably 
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aligns with the second excited state of semiconducting carbon nanotubes (red) used in 
this work (1.1 – 1.5 nm), again demonstrating the potential for an  
overlap in energy levels creating favorable electron transfer at the metal-carbon nanotube 
interface.  While titanium and nickel both exhibit suitable characteristics, particularly 
during metal deposition, titanium emerges as the better contact metal in the 
electrochemical performance and is attributed to the combination of factors discussed.   
The enhanced electrochemical performance for the Ge-SWCNT-Ti electrode, as 
illustrated in Figure 19, supports the mechanism for an improved charge transfer during 
the lithium ion extraction with a titanium contact.  The Ge-SWCNT-Ti electrode design 
can foster a direct electron pathway between the Ti contact and the Ge active layer since 
the SWCNT electrode thickness is sufficient for a robust percolation network of SWCNT 
bundles. The use of a thin metal film (e.g. titanium) that wets the backside of the Ge-
SWCNT electrode can increase the number of conductive points of contact to the coin 
cell can.  However, this alone showed limited improvement with a capable wetting metal 
like nickel, and it was clearly evident that the SWCNT-Ti pairing is critical to enhanced 
capacity.  Therefore, the prospect that titanium’s work function match to the conduction 
states for both semiconducting and metallic species is sufficient to promote electron 
transport through all chiralities in the SWCNT layer can explain the demonstrated 




Figure 21 Schematic for the energy levels of semiconducting and metallic SWCNTs, 
and metal work functions. Data points of semiconducting SWCNT first (black,) 
and second (red,) conduction and valence states are from  and the curve fits, in 
corresponding color, are from [93].  The metallic SWCNT conduction and valence 
trendlines (green) and bands (light green) and the semiconducting bands (gray and 
pink) are from a revised Kataura plot [90].  The work function of an isolated 
armchair nanotube (blue line) is from [88].  The metallic SWCNT pseudo gap data 
points and trendline (blue,) are from STM measurements [89].  The Ti and Ni 
work function values were obtained from the CRC Handbook of Chemistry and 
Physics.  The value for stainless steel is from [87] and TiC from [94].  The hatched 
band extending from 1.1 – 1.5 nm depicts the diameter range of SWCNTs used for 




VI. SOLUTION PROCESSING 
Another method of incorporating semiconductor materials within CNT electrodes 
is through solution deposition or processing techniques.  One obvious initial advantage is 
the potential for the solution to diffuse within the electrode to form nanoparticles 
throughout the electrode instead of just at the surface, as in the case of evaporation 
techniques.  Several groups have investigated wet chemistry synthesis of semiconductor 
nanoparticles, specifically for biological applications, to develop techniques that give 
narrow diameter distributions of particles [95, 96].  Semiconductor-chloride compounds 
(i.e. GeCl4, SiCl4, and SnCl4) can aggressively react with a reducing agent to produce 
nanoparticles of the semiconductor. Reducing agents lithium aluminum hydride, lithium 
borohydride, sodium borohydride, and lithium naphthalide have been successful in this 
regard.  Specifically, the reaction of germanium chloride with lithium naphthalide is 
given below.  Ideally, the Ge structures nucleate on the CNT electrode, and the by-
products are removed through a solvent rinse and drying process.    
                                      
The synthesis of germanium and germanium oxide nanoparticles was completed 
both in solution and in the presence of a fabricated CNT electrode.  Electrode fabrication 
was also realized by creating a post-synthesis mixture of carbon nanotubes and Ge 
nanoparticles in a dispersion which was filtrated to form a free-standing electrode.  The 
synthesis was carried out using germanium chloride as the source of germanium in all 
experiments.  The reactant was altered to optimize the particle dispersion in the CNT 
electrode and the particle size; H2O, NaBH4, LiAlH4, lithium-naphthalide, lithium-
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phenanthride, lithium-pyride, and lithium-anthride, were each studied as surfactant-free 
alternatives in the Ge-nanoparticle synthesis.   
The initial study incorporated synthesized germanium oxide into a MWCNT free-
standing electrode by filtration from a solvent dispersion.  The material was characterized 
by Raman spectroscopy to identify the synthesis product and to ensure the integrity of the 
material was maintained through the fabrication process.  Figure 22a is the Raman 
spectra for the as-produced MWCNTs, the synthesized GeO2 powder and the final 
electrode.  The MWCNT spectrum shows the representative D, G, and G’ peaks at 1300, 
1600, and 2700 cm
-1
, respectively; the narrow peak at ~ 440 cm
-1
 in the germanium oxide 
spectrum is indicative of GeO2 particles [97].  Finally, both materials show comparable 
characteristic peaks in the GeO2-MWCNT spectrum after the completed electrode 
fabrication.  The electrochemical performance of the GeO2 electrode was evaluated in a 
cell versus lithium metal.  Figure 22b is the first cycle insertion and extraction of the 
anode at a constant current of 50 mA/g.  The insertion profile shows a capacity up to 
almost 900 mAh/g, with an insertion voltage below 0.5 V, consistent with each of the 
constituent materials. The extraction profile shows one voltage plateau at ~0.4 V and a 
second one at ~1.0 V with a total capacity up to 3 V of 370 mAh/g.  The double plateau is 
indicative of two alloys or two preferential storage potentials within the germanium oxide 
particles and the addition of the germanium oxide to the MWCNT electrode increases the 
electrode capacity over the 250 mAh/g capacity that is typical of these MWCNT 
electrodes.  This study demonstrated the feasibility of this approach, but there was still 




Figure 22 (a) Raman spectra from 100 – 3000 cm-1 for as-produced MWCNTs 
(blue), synthesized GeO2 particles (black), and the electrode fabricated from the 
mixture of the two constituents (red).  (b) First cycle insertion (black) and extraction 
(red) for the GeO2-MWCNT electrode vs. Li at 50 mA/g.   
germanium oxide was investigated which also incorporated the use of SWCNTs in the 
electrode fabrication.   
 In order to develop a more conductive network, SWCNTs were added to the 
electrode fabrication, and this also adapted the role of the MWCNTs within the electrode.  
Initially, the MWCNTs were acting as the conductive network, the current collector, and 
the mechanical structure holding the germanium oxide particles within the electrode.  The 
second iteration of the electrode design began with the synthesis of the germanium oxide, 
and the product was ball-milled with as-produced MWCNTs in a 40:3 w/w loading, 
respectively.  This allowed the MWCNTs to act as a direct conductive coating on the 
germanium oxide and aided in the minimization of extraneous surface reactions with 
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solvent dispersion with SWCNTs and filtered to form a free-standing electrode with 
82:6:12 by weight percent GeO2:MWCNT:SWCNT composition, represented in Figure 
23a.  This electrode was paired with lithium metal, and the first cycle insertion and 
extraction profile at 100 mA/g is shown in Figure 23b.  The electrode shows an 
immediate increase in extraction capacity to 1210 mAh/g, with a similar voltage profile 
and an improved first cycle coulombic efficiency of 64 %.  The cycling stability of the 
cell was poor over 25 cycles though dropping to 50 % of its initial capacity in Figure 23c.  
The poor cycling stability could be a result of a combination of factors, including poor 
electrolyte compatibility, irreversible loss associated with lithium storage within the 
germanium oxide, and poor mechanical stability because the weight ratio of the 
components was not optimized to balance capacity and stability.  This approach was not 
extensively pursued further so it is inconclusive as to the feasibility of long term cycling 
of this electrode.  However, additional studies were continued to investigate alternative 
methods of introducing high capacity semiconductors in the carbon nanotube electrodes 
through solution processing techniques.  The third approach involved reacting the same 
germanium chloride precursor with a surfactant-free reducing agent with the intent to 
synthesize germanium particles with minimal oxide formation.  Previous work has shown 
the synthesis of germanium particles through the reaction of germanium chloride with 
lithium naphthalide solutions [95, 96], so a similar technique was employed to 
incorporate germanium into the CNT electrodes.  The first study of reaction with the 
germanium chloride and lithium naphthalide involved multiple variations with the carbon 
nanotubes.  Both SWCNTs and MWCNTs were used as the free-standing electrode, and 
changes in soak time, reaction time, and anneal time were varied to probe the particle 
59 
 
formation within the carbon nanotube network.  Figure 24a is a SEM image of SWCNTs 
that were in the presence of the GeCl4 + 4n Li[C10H8] reaction; there is visible formation 
of the nanoparticles filling the void space within the SWCNT network, and the lower 
magnification image in Figure 24b shows that the particle formation is uniform across the 
SWCNT electrode.  Figure 24d is a SEM image of the MWCNT electrode, showing the 
formation of particles on the MWCNT surface, but less void space filling as in the 
SWCNT case; also the particle formation is much larger than in the SWCNT electrode.  
The electrochemical performance of the SWCNT and MWCNT electrodes fabricated 
through this reaction technique is shown in the first cycle extraction profile in Figure 24e.  
There is increased capacity for both electrodes with the addition of germanium and 
distinct germanium features at approximately 0.4 V and 1.0 V indicate storage within the 
germanium material.   
 Similar aromatic compounds, pyrene and phenanthrene, were investigated to 
determine the effectiveness of the reaction with the GeCl4.  Figure 24c is a SEM image of 
the SWCNT electrode fabricated in the presence of the Li-phenanthrene + GeCl4 
reaction.  The particle formation for this reaction also tends to be on the electrode surface 
with little void space filling in the SWCNT network and the formation of the particles 
with the Li-pyrene reaction was very similar.  The first cycle extraction of these two 
electrode types are shown in Figure 24e, with little improvement in the capacity with the 
Li-pyrene reaction.  The Li-phenanthrene reaction does increase the electrode capacity up 
to 1000 mAh/g with a similar but slightly higher voltage profile to the naphthalide 




Figure 23 (a) The fabrication of the electrode is depicted in images and chemical 
formulas. The white GeO2 powder is synthesized according to the labeled reaction; 
followed by a ball-milling step with MWCNTs and then sonicated in a solvent with 
SWCNTs and filtered to form a free-standing paper.  The respective mass ratio of 
each component is listed.  (b) The first cycle insertion and extraction for the GeO2-
MWCNT-SWCNT electrode vs. Li at 100 mA/g.  (c) Cycling of the 
GeO2:MWCNT:SWCNT electrode at 100 mA/g, showing significant fade.   
this anode would be used in a full cell.  The results of the first cycle extraction suggest 
that the Li-naphthalide reaction is the most promising and the electrode fabricated 
through that technique was cycled at 74 mA/g to test its stability.  Figure 24f is the 
cycling of this electrode, and it is compared to the data trend for the thin-film Ge-
SWCNT electrode fabricated through electron-beam evaporation.  When the capacities 
for the two electrode types are normalized the solution-processed electrode demonstrates 
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Figure 24 SEM Images of (a) Lithium-naphthalide reacted with GeCl4 in the 
presence of SWCNTs at 130,000x, (b) and 25,000x; (c) Lithium-phenanthrene 
reacted with GeCl4 in the presence of SWCNTs at 15,000x, and (d) Lithium-
naphthalide reacted with GeCl4 in the presence of MWCNTs at 15,000x.  (e) First 
cycle extraction profiles for SWCNT electrodes in the presence of lithium-pyrene, 
lithium-naphthalide, and lithium-phenanthrene reacted with GeCl4 and MWCNT 
electrodes in the presence of lithium-naphthalide.  (f) Cycling comparing the thin-
film Ge-SWCNT electrodes from electron-beam evaporation to Li-Naphthalide-
GeCl4-SWCNTs electrodes, which shows more stable cycling for a normalized 
capacity. 
better cycling stability dropping to 60 % of its initial capacity after 450 cycles, whereas 
the thin-film electrode drops to 60 % of its initial capacity after only 100 cycles.  
 The solution processing approach to introducing high capacity semiconductors 









































































with the goal of moving toward a three-dimensional network of CNTs and high capacity 
materials.  However, the simple, low-cost techniques investigated did not result in the 




VII. GAS-PHASE PROCESSING 
A. CVD Nanoparticle Synthesis 
 The Ge-NPs were synthesized through a simple germanium precursor injection 
CVD process which is an attractive alternative to the commonly used vapor-liquid-solid 
synthesis technique which requires a metal catalyst [30].  The present synthesis yields  
flakes of material which are carbon coated and suitable for lab-scale handling and testing, 
but are too brittle to be viable as a stand-alone anode.  Although a traditional anode 
composite on copper can be made using the Ge-NPs, the motivation to develop a free- 
standing anode necessitates the inclusion of SWCNTs to enhance the mechanical strength 
and electrical network for a hybrid anode.  The Ge-NP materials were characterized by 
SEM, and Figure 25a and Figure 25b show the nanoscale morphology with NP diameters 
of about 60 nm with modest aspect ratios. Representative SEM images for an 85:15 
weight ratio hybrid Ge-NP:SWCNT electrode is shown in Figure 25c and Figure 25d.  
   XRD analysis using a Bruker D2 Phaser of the Ge-NPs, the Ge-NP:SWCNT 
hybrid, and  100 mesh Ge powder for reference is shown in Figure 26a.  The Ge-NPs 
show a characteristic peak at 2θ of  27 º which is consistent with other germanium 
materials [98, 99].  Additionally, with the addtion of SWCNTs the presence and quality 
of the Ge is not degraded as seen in the Ge-NP:SWCNT hybrid XRD spectrum, where 
the Ge peak and the additional peak from the SWCNTs is observed.  The SWCNT peak 
at 2θ of 26 º is consistent with previous characterization with these materials [34].  
Raman spectroscopy (at an excitation energy of 1.96 eV) on the Ge-NPs in comparison to 
a spectrum for crystalline Ge is shown in Figure 26b.  Crystalline Ge has characteristic 
phonon mode peaks at 169 cm
-1
 and 300 cm
-1




Figure 25 SEM micrographs of carbon coated Ge-NPs at (a) 10,000 x and (b) 50,000 




 and 295 cm
-1
, including a narrow FWHM for the peak at 295 cm
-1
 which is 
consistent with highly crystalline material [76, 100]. The SWCNTs synthesized by laser 
vaporization have individual diameters on average of 1.3 nm (based upon radial breathing 
mode (RBM) from 150 – 200 cm
-1 
[101] for Raman spectrum in Figure 26b) and form 
bundles with diameters of 10-20 nm which are observed to homogeneously entangle the 
Ge NPs to create a nanoscale percolation network.  The Raman spectrum for the 85:15 
hybrid Ge-NP:SWCNT electrode shows both the characteristic peak for the Ge NPs at 
295 cm
-1




Figure 26 (a) XRD spectra using a Cu source and (b) Raman spectra using a 1.96 eV 
excitation energy for the Ge-NP:SWCNT hybrid, the Ge-NPs, and commercially 
available Ge as a reference. 
processing maintains material integrity.  
 The electrochemical testing of the Ge NPs is shown in Figure 27a and Figure 27b vs. 
Li/Li
+
 for the first and second cycles from 5 mV – 3V at constant current of 50 mA g
-1
 
with a 1 M LiPF6 EC:PC:DEC (1:1:2 vol/vol) electrolyte.  Cycle 1 shows a low insertion 
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voltage near 0.3 V which is consistent with the other germanium anodes [25, 99] and a 
reversible capacity of 896 mAh g
-1
. Contributions from two voltage plateaus at 0.43 V 
and 0.61 V are attributed to different stoichiometric alloys of lithium and germanium [23, 
98, 99].  The coulombic efficiency for the first cycle is 96%, which is the highest value to  
date for germanium anode materials.  The second cycle shows even higher capacity at 
 
Figure 27 Electrochemical testing at 50  mA g-1 for the (a) insertion and (b) 
extraction of the Ge-NP with 1 M LiPF6 EC:PC:DEC electrolyte; (c) insertion and 
(d) extraction of Ge-NP:SWCNT-Ti with 1 M LiPF6 EC:PC:DEC electrolyte; (e) 


















































































































































































 and a coulombic efficiency of 98%.  The electrochemical testing of an 
85:15 hybrid Ge-NP:SWCNT electrodes with a 100 nm titanium contact (designated as 
Ge-NP:SWCNT-Ti with a 80:10:10 mass ratio) is shown in Figure 27c-f vs Li/Li
+
 for the  
first and second cycles from 5 mV – 3 V at constant current of 50 mA g
-1
.  Figure 27c and 
Figure 27d show the data for the 80:10:10 hybrid Ge-NP:SWCNT-Ti electrode with a 1 M 
LiPF6 EC:PC:DEC (1:1:2 vol/vol) electrolyte.  The insertion profile in Figure 27c depicts 
the formation of the typical solid electrolyte interphase (SEI) on SWCNTs at ~0.8-0.9 V 
vs. Li/Li
+
, but results in a similar extraction voltage profile to Figure 27with a capacity of 
723 mAh g
-1
.  There is a clear change in the voltage profile from the first to  
second cycle resulting in an improved coulombic efficiency from 57 to 90 %, as the  
coulombic loss from SEI formation on SWCNTs is significantly reduced.  Similar to the  
as-synthesized Ge NPs, the hybrid electrode exhibits an increase in extraction capacity up  
to 812 mAh g
-1
 with similar changes in the voltage plateau near 0.5 V vs. Li/Li
+
 shown in  
Figure 27d.  The insertion profile in Figure 27e for the 80:10:10 hybrid Ge-NP:SWCNT  
Ti electrode with a 1.2 M LiPF6 EC:EMC (3:7 vol/vol) electrolyte is similar to that 
shown in Figure 27c.  The first cycle extraction with this electrolyte combination (Figure 27f) 
is slightly higher at 772 mAh g
-1
 with a first cycle coulombic efficiency of 64 %.  This 
electrolyte maintains a higher extraction capacity of 878 mAh g
-1
 on cycle 2 and a similar 
improvement in coulombic efficiency of 90 % on the second cycle.   
 In all three cases from Figure 28, the extraction voltage plateaus become more 
distinct at 0.43 and 0.61 V in cycle 2 and are observed to remain that way during 
subsequent cycles.  Figure 28 better illustrates this result by showing the differential 




Figure 28 Differential capacity for the 1st and 2nd cycles of the (a) Ge-NPs, (b) the 
Ge-NP:SWCNT hybrid with a 1 M LiPF6 EC:PC:DEC electrolyte and (c) the Ge-
NP:SWCNT hybrid with a 1.2 M LiPF6 EC:EMC electrolyte.  
is also a clear change in the prominent extraction potential from 0.61 to 0.43 V vs. Li/Li+ 



































































































































differential capacity peak is consistent with previous research on changes in the voltage 
profile as a function of degree of lithiation [99].  The impact of this voltage change is that 
any structural changes in the Ge NP:SWCNT hybrid during conditioning will be more 
favorable in terms of increasing the energy density when paired with a cathode in a full 
battery. 
   Electrochemical testing to measure the lithium ion capacity as a function of 
weight ratio (Ge-NP:SWCNT:Ti) and rate capability has been performed for two hybrid 
ratios of 75:15:10 and 80:10:10 at  constant currents of 50, 100, 200, 500, 1000, and 2000 
mA g
-1
 using a 1 M LiPF6 EC:PC:DEC electrolyte.  The anode specific capacities 
(including the total electrode mass) are provided in Figure 29 as a function of cycle number.  
The 75:15:10 hybrid shows nearly 200 mAh g
-1
 higher extraction capacity than the 
80:10:10 electrode over the intial two cycles which were from 5 mV – 3 V, approaching 
1000 mAh g
-1
 on the second cycle.  The first two conditioning cycles spanned 5 mV – 3V 
in order to ensure the complete formation of the solid electrolyte interphase on the entire 
electrode.  The subsequent 25 cycles are from 5 mV – 1 V to represent the major capacity 
contribution from the Ge-NPs, as the SWCNTs used in this work only exhibit a ~110 
mAh/g below 1 V based upon previous measurements and given the weight ratio used the 
maximum contribution to the hybrid capacity is ~10-20 mAh/g or 2-3% [102]. The 
75:15:10 hybrid shows consistently higher capacity and better cycling across the different 
rates suggesting the higher amount of SWCNTs are able to create an improved electrical 
percolation network and maintain pathways for lithiation.  Although both hybrid 
electrodes show excellent stability at low rate, the 75:15:10 maintains good performance 
at a 1C rate with an electrode capacity of 550 mAh g
-1
 at a 1 V cutoff voltage and a 
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capacity greater than 300 mAh g
-1
 is still maintained at a 2C rate.  The capacity of 550 
mAh g
-1
 at a 1C rate (1 V cutoff voltage) for the hybrid free-standing electrode is more 
than double recent values for Ge thin-film CNT electrodes,  illustrating the advantage of 
the 3-D electrode architecture [23].  
   The 75:15:10 Ge-NP:SWCNT-Ti electrode was paired with a commercial 
LiFePO4 cathode in a full battery. The anode was prelithiated using lithium metal in a 
standard coin cell to form the SEI layer prior to capacity matching with the cathode.  
Figure 30a highlights the discharge profiles for a C/10, C/5 and 1C rate where C/10 was 
used as the charge rate for all cycles.  The average voltage of the full cell is 2.9 V and the 
anode capacity for the battery approaches 850 mAh g
-1
 at a C/10 discharge rate.   The 
 
Figure 29 Electrode specific capacity of Ge-NP:SWCNT-Ti hybrid electrodes at two 
weight loadings, 75:15:10 (squares) and 80:10:10 (circles), at constant currents 
during insertion and extraction of 50, 100, 200, 500, 1000, and 2000 mA g-1.  The 
first two cycles from 5 mV – 3 V and the subsequent cycles from 5 mV – 1 V.   
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dramatic increase in battery discharge rate from C/10 to 1C shows only a small fade in 
capacity and lowering of the voltage plateau.  Thus, the anode energy density variation is 
only 8.5 % from the initial 2385 Wh/kg, relative to the LiFePO4 cathode, which supports 
recent calculations on free-standing Ge-CNT anodes paired with high power cathodes 
[102].  The performance demonstrates that the SWCNT network provides effective 
electron transport to substantiate a hybrid anode with good rate capabilities.  Figure 30 b 
shows the stable cycling of the full cell for a series of charge/discharge rates, as noted in 
the figure.  The anode capacities decrease slightly to ~ 700 mAh g
-1
 as the charge rate 
increases to C/5, but demonstrates recovery as the charge rate is reduced (cycles 17-21).  
Overall, the Ge-NP:SWCNT-Ti/LiFePO4 battery demonstrates high anode capacities of 
850 mAh g
-1
 and minimal capacity fade over 20 cycles with a balanced energy and power 
density spanning C/10 to 1C discharge rates with minimal change in energy density.  
 
Figure 30 (a) Discharge voltage profiles for a full cell composed of LiFePO4 cathode 
opposite a (75:15:10) Ge-NP:SWCNT-Ti anode with a 1.2 M LiPF6 EC:EMC 
electrolyte at C/10 charge and C/10, C/5 and 1C discharge. (b) Cycling of the full 
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B. Low Pressure CVD  
Nanomaterial-comprised electrodes, in particular carbon nanotube-based 
electrodes, exhibit high surface areas on the order of 1000 m
2
/g which can be beneficial 
for providing more surface sites for alloying reactions.  Conversely this high surface area 
can contribute to excessive solid-electrolyte-interphase formation, resulting in a large 
first cycle irreversible capacity and a low coulombic efficiency.  Certain types of silicon 
deposition, LPCVD being one, have the capability to reduce the surface area of SWCNT-
based electrodes, which can significantly improve the first cycle coulombic efficiency of 
the electrodes.   
A method of LPCVD was used to deposit silicon on SWCNT electrodes.  The 
void space of the electrode is increasingly filled as the silicon deposition time is 
increased, and the conformal bundle coating is seen in Figure 31. Figure 31a is purified 
SWCNTs before deposition and Figure 31b, Figure 31c, and Figure 31d show the Si-
SWCNT surface after 5, 15, and 30 minutes of deposition.  The SWCNT bundle surface 
morphology is still visible after 30 minutes of deposition but the electrode surface area is 
significantly reduced by coating the nanotube bundles and the filling of the pores from 
 
Figure 31 Scanning electron microscope images of (a) SWCNTs and silicon 
deposited on SWCNTs through LPCVD for (b) 5 minutes, (c) 15 minutes, and (d) 30 
minutes at 25,000x magnification. 
SWCNTs 15 min Si 30 min Si5 min Si





/g to just 113 m
2
/g, as measured using the BET method in a surface area 
analyzer.   
The electrochemical performance of a series of Si-SWCNT electrodes was evaluated, and 
the first cycle extraction voltage profiles are in Figure 32.  The extraction capacity at 3 V 
increases from 1100 mAh/g to 2300 mAh/g as the silicon weight loading is increased 
with deposition time from 5 – 60 minutes.  The lowest weight loading at 5 minutes 
deposition time has an extraction profile very similar to purified SWCNTs, suggesting 
the silicon weight loading is very minimal, but as the time is increased the extraction 
plateau between 0.2 – 0.4 V becomes the predominant feature and the majority of the 
capacity is from storage in the silicon.  The trend of increasing capacity as a function of 
deposition time parallels the trend of increasing first cycle coulombic efficiency as a 
function of deposition time.  Purified SWCNT electrodes have first cycle coulombic 
efficiencies of approximately 20-25 %; the lowest weight loading of silicon at 5 minutes 
deposition time is increased to 40 % on the first cycle and the trend continues as the 
silicon content is increased.  High storage capacity nanomaterials may hold a lot of 
advantages over current electrode material technologies, but if the first cycle coulombic 
efficiencies cannot be adequately improved, their feasibility for commercial production is 
limited.  The Si-SWCNT electrode with a deposition time of 30 minutes has a first cycle 
coulombic efficiency of 88 % which is approaching a value that is close to what is needed 
for commercial viability.  A large reason for this improved first cycle coulombic 
efficiency is the surface area reduction that occurs with the silicon deposition as 
previously mentioned.  The SWCNT surface area reduction and the filling of void space  




Figure 32 First cycle extraction voltage profiles for a series of Si-SWCNT electrodes.  
The silicon was deposited through LPCVD for 5, 15, 20, 30, and 60 minutes.   
and the majority of the SEI formation occurs on the silicon, as the silicon content is 
increased, which has a lower surface area.  This correlation between surface area and first  
cycle coulombic efficiency motivates investigating the effects of incorporating silicon 
into the previously developed high capacity Ge-NP:SWCNT anodes.  A variety of weight 
loadings were investigated, varying both the germanium and the silicon relative 
contributions to the total mass; the germanium was typically between 65-80 % and the 
silicon was between 10-30 %.   
The changes in surface morphology as the sequential fabrication steps are 
completed were observed through scanning electron microscopy and Figure 33 shows the 
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through a dispersion-filtration process, and (c) the Si-Ge-NP:SWCNT electrode after the 
deposition of silicon through LPCVD at 25,000x magnification.  The integrity of the 
germanium nanoparticles and the SWCNTs is intact after fabrication, consistent with 
previous experimental results.  The diameter of the Ge-NPs from Figure 33a is 
approximately 60 nm and the network formed with the SWCNTs is visible in Figure 33b.  
The deposition of silicon yields interesting surface morphological results in Figure 33c.  
The surface is coated and the initial stages of the void-space filling is evident, as with the 
SWCNT electrodes.  However, the initial surface morphology is quite different between 
the SWCNT and the Ge-NP:SWCNT electrodes, so the deposition of  the silicon is varied 
between the two samples; the Ge-NPs form larger clusters compared to the de-bundled 
SWCNTs, resulting in the silicon coating on the surface of the Ge-NP:SWCNT 
electrodes to be less uniform across the electrode surface.   
 
Figure 33 Scanning electron microscope images of (a) germanium nanoparticles, (b) 
Ge-NP:SWCNT electrode, and (c) Si:Ge-NP:SWCNT electrode, showing the 








Figure 34 Raman spectra from 100-600 wavenumbers with 1.96 eV excitation 
energy for SWCNTs, Si-SWCNTs, and Si-Ge-NP:SWCNTs.  The pertinent bands 
are shaded in gray:  SWCNT radial breathing mode at 150-200 cm
-1
, the germanium 
peak at 300 cm
-1
, and amorphous to crystalline silicon from 450 – 520 cm
-1
. 
In addition to surface morphology characterization, Raman spectroscopy was 
performed to confirm the material quality and crystallinity of the silicon and germanium 
after each fabrication step.  Figure 34 is the Raman spectra for purified SWCNTs, a Si-
SWCNT electrode, and a Si-Ge-NP:SWCNT electrode.  The radial breathing mode of the 
SWCNTs between 150-200 cm
-1
 is observed in each spectrum, indicating the SWCNTs  










hold up during fabrication steps.  The silicon gives a broad peak for both electrodes from 
450-500 cm
-1
, indicating the amorphous nature of the deposited silicon; crystalline silicon 
has a characteristic peak at 520 cm
-1
.  The germanium nanoparticles have a peak at 295 
cm
-1
, which is very close to the characteristic peak of crystalline germanium at 300 cm
-1
, 
indicating the synthesized material is fairly crystalline, and the fabrication steps to 
include the nanoparticles do not severely degrade the material crystallinity.   
The electrochemical performance of the electrodes was tested in a coin cell versus 
lithium.  In addition to the expected benefits in coulombic efficiency and increased 
capacity, the incorporation of silicon can also lower the extraction voltage of the 
electrode because silicon has a lower extraction voltage than germanium.  Figure 35 is 
the second cycle extraction voltage profile up to 1.5 V for a Ge-NP:SWCNT, a Si-
SWCNT, and a Si-Ge-NP:SWCNT electrode.  There is an increased capacity with the 
addition of silicon from 800 mAh/g to almost 1000 mAh/g, and there is a lowering of the 
extraction voltage by 50 – 100 mV across the extraction voltage profile for the Si-Ge-
NP:SWCNT electrode as compared to the Ge-NP:SWCNT electrode.  This lowering 
indicates lithium storage in the silicon, and the pronounced double-plateau on the second 
cycle for the Si-Ge-NP:SWCNT electrode is indicative of the germanium storage 
contribution, which is also seen in the Ge-NP:SWCNT electrodes.  The unique features 
of the two different materials that are observed in the mixed hybrid are evidence that 
storage is occurring in both the silicon and the germanium.  The rate capability of the 
mixed hybrid electrodes, opposite lithium, was tested by keeping a constant low insertion 
current of 100 mA/g after two conditioning cycles and incrementally increasing the 




Figure 35 Second cycle extraction voltage profiles for a Si-SWCNT, a Ge-
NP:SWCNT, and a Si-Ge-NP:SWCNT electrode showing the varying extraction 
plateaus for the different electrodes.   
Ge-NP:SWCNT electrode that was tested for its rate capability.  The first two 
conditioning cycles at 50 mA/g are cycled up to 3 V, but only shown to 1.5 V.  The first 
cycle has a capacity just below 1200 mAh/g at 1.5 V and the second cycle shows a slight 
increase to 1220 mAh/g at 1.5 V with noticeable change in the extraction profile as well, 
which is consistent with the shift toward a lower extraction voltage associated with the 
germanium nanoparticles after the first cycle [103].  The voltage profiles up to 1.5 V at 
the increasing extraction currents show the fade in capacity that occurs as the current is 
increased up to 2000 mA/g, and the increase in the average extraction voltage plateau is 
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Figure 36 Rate capability extraction voltage profiles up to 1.5 V for a Si-Ge-
NP:SWCNT:Ti electrode, 28:67:12:3 weight loading.  The first two conditioning 
cycles at 50 mA/g are followed by cycles with a constant insertion current of 100 
mA/g as the extraction current is increased: 100, 200, 500, 1000, and 2000 mA/g.   
C. Plasma Enhanced CVD  
Plasma enhanced CVD (PECVD) was briefly studied as an alternative to LPCVD 
and the effects of deposition technique were probed through materials and 
electrochemical characterization of the electrodes.  The mechanism of deposition for 
PECVD is different than LPCVD resulting in two significant differences between the two 
techniques.  The ions that result from the plasma in the PECVD process are highly 
energetic and quickly find surface sites on the electrodes to react with leading to a rapid 
buildup of deposited material on the electrode surface which necessitates short deposition 
times, on the order of less than 10 minutes.  This mechanism also results in very 
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Figure 37 Representative SEM images of Si-Ge-SWCNT electrodes with the silicon 
deposited by PECVD with a deposition of (a) 100 seconds, (b) 300 seconds, and (c) 
500 seconds.  (d) Raman spectra for the three electrodes show the progression of the 
silicon peak near 500 cm
-1
 growing to be the dominant peak as deposition time is 
increased to the extent at 500 seconds that more crystalline grains appear.   
compared to an interpenetrated network.  Figure 37a-c are representative SEM images of 
Si-Ge-NP:SWCNT electrodes with increasingly thicker layers of silicon based upon the 
PECVD times of 100, 300, and 500 seconds, respectively.  The deposition technique  
100 200 300 400 500 600 700 800











forms a uniform coating on the surface of the nanotube bundles at 100 seconds and by 5 
minutes of deposition there is a uniform layer formed on the Ge-NP:SWCNT electrodes; 
the surface coating at 500 seconds deposition is very similar to the coating of the lower 
weight loading at 300 seconds of deposition time.  The Raman spectra of the electrodes 
with three different weight loadings in Figure 37d show the trend of an increase in the 
relative ratio of the silicon peak, near 500 cm
-1
, to the SWCNT radial breathing mode at 
150 cm
-1
 as the weight loading is increased through deposition time.  In the highest 
weight loading electrode the radial breathing mode of the SWCNTs and the Ge peak at 
300 cm
-1
 are negligible.  There is also a shift toward more crystalline morphology in the 
higher weight loading sample with a sharp peak appearing just below 520 cm
-1
.   
The electrochemical performance of the Si-Ge-NP:SWCNT electrodes was 
evaluated by pairing the electrodes opposite lithium in coin cells.  The first and second 
cycle extraction voltage profiles are in Figure 38 for the three electrodes with different 
silicon weight loadings.  The capacity increases from 700 mAh/g at 1.5 V for the 100 
second sample to 925 mAh/g at 1.5 V for the 500 second sample on the first cycle.  An 
increase in capacity from the first to the second cycle trends for all three electrode types, 
which is consistent with previous work showing an increase from the first to second cycle 
in capacity with germanium materials [103].  There is also a shift to lower extraction 
voltages from the first to second cycle which is also consistent with previous work using 
similar germanium materials; the relative lowering of the extraction voltage is smaller for 
the higher silicon weight loading electrode because silicon has a lower extraction voltage 




Figure 38 First and second cycle extraction voltage profile for three silicon weight 
loadings, based on deposition time of 100, 300, and 500 seconds, on Ge-NP:SWCNT 
electrodes deposited through PECVD.  The insertion and extraction current was 50 
mA/g for all the electrodes. 
 The rate capabilities of the PECVD Si-Ge-NP:SWCNT electrodes were 
investigated by pairing the electrodes opposite lithium and cycling them at currents from 
50 to 2000 mAh/g.  The first two cycles up to 3 V at a constant insertion/extraction 
current of 50 mA/g; the remaining cycles had a cut-off voltage of 1.5 V, an insertion 
current of 100 mA/g and extraction currents from 100-2000 mA/g  for five cycles at each 
current.  Figure 39 shows the capacity for the three electrode loading at the varying 
currents.  The highest silicon weight loading sample (500 seconds) has a capacity of 1120 
mAh/g on the second cycle, and the 300 second and 100 second samples have a capacity 
of 955 mAh/g and 860 mAh/g, respectively.  At slow extraction rates up to 500 mA/g the 
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mAh/g.  As the current is increased to 1000 mA/g the electrode exhibits a more 
significant fade to 625 mAh/g and finally is reduced to 150 mAh/g at 2000 mA/g.  The 
other two weight loadings follow similar fading trends; however at the highest extraction 
current of 2000 mA/g, these two electrodes maintain a higher capacity and higher relative 
total capacity of 300 mAh/g, about 30-35 % of their capacities on cycle 3, as compared to 
the highest weight loading.  This result suggests there is a balance between silicon weight 
loading and rate capability for this electrode design; if the desired application requires a 
relatively slow charge/discharge rate, then higher weight loadings of silicon make these 
electrodes very good candidates for improving full cell capacity and energy density.     
 
Figure 39 Cycling capacities for the PECVD Si-Ge-NP:SWCNT electrode series at 
extraction currents of 50 – 2000 mA/g with an insertion current of 100 mA/g after 
the first two cycles at 50 mA/g.  The cut-off voltage was lowered from 3 to 1.5 V 














































VIII. ANODE SUMMARY 
The majority of the work discussed in this dissertation has focused on materials 
synthesis and characterization and initial electrochemical characterization of the various 
anodes.  The range of synthesis and fabrication techniques have given rise to substantial 
differences in the anode electrochemical performance in terms of capacity, cyclability, 
coulombic efficiency, and rate capability.  Table 1 details the summary of the 
performance of the thin film, solution processed, CVD gas-phase nanoparticle, hybrid, 
LPCVD mixed-hybrid, and PECVD mixed-hybrid approaches to enhanced anodes.  A 
range of weight loadings were explored for each of the techniques, which significantly 
impacted the electrochemical performance, often requiring an optimized weight loading 
to balance between two performance metrics.    The values in Table 1 reflect the highest 
value for a given approach for each performance metric; these performance values may 
be the values across many electrodes of various weight loadings fabricated by a similar 
technique.   
All of the techniques investigated in this dissertation resulted in an anode of some 
given weight loading that reached a capacity of > 1000 mAh/g, with the silicon-coated 
materials exceeding 2000 mAh/g.  The solution processed anodes demonstrated less fade 
than the initial thin film work maintaining 60 % of their initial capacity at 400 cycles; 
however, the incorporation technique and the weight loading of the solution processed 
anodes significantly affected the rate of fade making it difficult to find a balance of 
weight loading for high capacity and cycling stability.  It is clear from the table that 
several approaches offer the desired characteristics of high storage capacity and capacity 
retention at high cycle rates, but it is important to find a balance of capabilities depending 
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on the application.  The hybrid and mixed hybrid approaches appear to be promising 
methods of enhancing the anode, consistently demonstrating capacities well over 900 
mAh/g and retaining up to 65 % of the initial capacity at an equivalent 1C rate, making 
these electrodes good candidates for investigation in full cells.  The mixed anodes offer a 
combination of optimal materials and incorporation techniques to realize a balanced 
anode to achieve high performance in potentially high energy and high power 
applications.   
Table 1 Summary of the anode electrochemical performance (capacity, rate 
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IX. FULL CELL IMPLEMENTATION 
A. First Cycle Loss, Surface Area, and Coulombic Efficiency 
Considerations 
In order to utilize the high energy and power capabilities of the free-standing 
anodes to the fullest extent, a brief study of the degree of lithiation and the rate of 
lithiation was conducted.  Si-SWCNT electrodes prepared through the LPCVD method 
were studied in depth and will be discussed here; whereas similar studies with Ge-
NP:SWCNT electrodes were also completed with similar resulting trends.  A series of 
scheduling conditions was constructed for the Si-SWCNT electrodes which probed both 
the effects of insertion voltage cut-off, or degree of lithiation, and the rate of insertion.  
Two cells were cycled vs. Li
+
 through increasingly faster rates from 50 to 2000 mA/g 
with matching insertion and extraction rates, with one cell having an insertion to 5 mV, 
Figure 40a, and the second cell having an insertion to 50 mV, Figure 40b.  A second set 
of cells was cycled vs. Li
+
 through increasingly faster rates from 50 to 2000 mA/g with 
the insertion rate held constant at 100 mA/g after the first two cycles (at 50 mA/g for both 
insertion and extraction) while the extraction rate increased, with one cell having an 
insertion to 5 mV, Figure 40c and the second cell having an insertion to 50 mV, Figure 
40d.  Two trends were noticed in the series of electrodes that resulted in important 
considerations for cell testing.   
The cells with matching insertion and extraction rates showed a similar trend in 
capacity fade as extraction rates were increased; however, the cell with insertion to 5 mV 
retained a higher capacity initially approaching 1100 mAh/g while the cell with insertion 
only to 50 mV approaches 1000 mAh/g.  The lower insertion voltage promotes more 




Figure 40 Extraction curves for Si-SWCNTs  vs. Li
+
 with 1.2 M LiPF6 EC:EMC 
electrolyte (LPCVD technique) at 50, 100, 200, 500, 1000, and 2000 mA/g with 
cycling parameters of (a) insertion to 5 mV with matching insertion and extraction 
rates; (b) insertion to 50 mV with matching insertion and extraction rates; (c) 
insertion to 5 mV holding the insertion rate constant at 100 mA/g with varied 
extraction rates; (d) insertion to 50 mV holding the insertion rate constant at 100 
mA/g after the first two cycles with varied extraction rates. 
leading to more storage capability.  This set of cells demonstrated that in order to 
maximize storage capability the electrodes must be allowed to alloy to full lithation.  The 
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cycle capacities; the cell with insertion to 5 mV having a capacity over 1200 mAh/g and 
the cell with insertion to 50 mV having a capacity of 1000 mAh/g.  The second set of 
cells supports the trend that fully alloying electrodes with greater degrees of lithiation 
result in higher capacities.  The second set of cells with slow insertion rates held constant 
as extraction rates were increased demonstrates better capacity retention than the first set 
of cells where insertion matched the extraction rate.  It is the most evident for the cell 
with insertion to 5 mV; when the insertion rate was held at 100 mA/g, the capacity is over 
800 mAh/g for the final extraction rate of 2000 mA/g as compared to a capacity less than 
100 mAh/g when the insertion matched the extraction rate at 2000 mA/g.  This suggests 
that it is important to consider charging and discharging rates when determining the 
capabilities of full batteries for both energy and power.  This behavior is not unique to the 
semiconductor anode materials, and similar trends have been observed for conventional 
MCMB anode materials, as shown inFigure 41.  To maximize the power output, the cell 
must be given ample time to charge; and to maximize the energy, the anode must be fully 
lithiated before discharging.  It was outside the scope of this work to find a balance of 
these two parameters to maximize battery lifetime, although it would be expected that a 
compromise of charge/discharge times and extent of lithiation would need to be balanced 
in conjunction with one another and not separately maximized for optimal cell 
performance.  
There are several considerations that must be accounted for when moving from 
testing electrodes versus lithium to assembling a full cell.  Capacity matching the 
electrodes is an essential factor that must be considered and determining the optimized 
match is not a straightforward calculation.  There is an irreversible first cycle loss 
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associated with all electrode pairs in lithium ion batteries; the loss is a result of the 
formation of the solid electrolyte interphase from the breakdown of the electrolyte on the 
electrode surfaces.  The SEI formation is necessary for the cell to operate but excessive or 
continued SEI formation can be harmful to the cell performance.  A small loss is 
acceptable and is usually 5-10% in conventional graphitic anodes; however, if there is an 
excessive loss it makes capacity matching of the electrodes difficult and a decrease in cell 
energy densities will result. 
The high surface area of many nanomaterials can be advantageous for 
electrochemical reactions by providing more surface sites for storage; however, the 
   
Figure 41 Insertion and extraction curves for a MCMB composite anode.  The 
insertion rate is varied from C/5 to 2C as the extraction rate is held at 2C; the 
extraction capacity degrades from 330 mAh/g at an insertion rate of C/5 to less than 
50 mAh/g at an insertion rate of 2C.   
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increased surface area can also cause a reduction in first cycle coulombic efficiency by 
the additional SEI formation, so there is a need to balance the advantageous with the 
affects of high surface area.  There are multiple approaches that can be taken to address 
this issue; developing materials or techniques to reduce the inherent electrode material 
surface area and pre-forming the solid electrolyte interphase are two that have briefly 
been investigated in this work.   
 The approach of pre-forming the SEI requires selecting an appropriate amount of 
excess lithium to directly deposit on the anode and establishing effective conditioning 
cycles to form the SEI through constant voltage and constant current techniques.  This 
approach is viable because of the lightweight nature of lithium and the large capacity it 
has of ~ 3800 mAh/g, making it possible to compensate for loss with a small amount of 
additional mass.  The mass of the excess lithium does not significantly contribute to the 
electrode mass, resulting in only a small reduction in the electrode specific capacity.  
SWCNT electrodes have demonstrated some of the largest irreversible first cycle 
capacities in this work and they were selected as the candidate material to investigate the 
effectiveness of directly introducing excess lithium onto the anode.  Initial investigations 
included placing excess lithium mass onto the SWCNT electrodes in amounts that 
corresponded to 0.5, 1, 1.5 and 2x the coulombic loss associated with the SEI formation 
based upon the first cycle coulombic efficiency for the SWCNTs, by assuming a lithium 
capacity of 4000 mAh/g.  These electrodes were then paired opposite lithium and cycled 
to assess the effectiveness of the excess lithium directly on the SWCNTs.  This analysis 
motivated the need to test the SWCNT electrodes opposite a conventional cathode with 




Figure 42 First charge up to 4.3 V and discharge to 3.0 V for lithium-compensated 
SWCNT anodes paired with NCA cathodes, and the corresponding current.  (a) 1.5x 
and (b) 2x lithium associated with the SEI loss added to the anode with a constant 
voltage step to 50 % of the initial current results in a coulombic efficiency of 73 % 
and 80 %, respectively.   
Figure 42 shows the first cycle charge/discharge for SWCNT electrodes opposite a 
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Figure 43 First charge to 4.3 V and discharge to 3.0 V for a lithium compensated 
SWCNT anode paired with a NCA cathode.  The corresponding current is on the 
second y-axis and the respective anode and cathode capacity is given on the x2-axis 
and the x1-axis, respectively.  The cell has 2x excess lithium compensation with a 
constant voltage step to 10 % of the initial current, resulting in a first cycle 
coulombic efficiency of 83 %.   
first cycle irreversible capacity.  Both cells were charged to 4.3 V with a constant voltage 
step until the current reached 50 % of its initial value.  The coulombic efficiencies of the 
SWCNT electrodes in these full cells for the first cycle improves from an average of 25 
% up to 73 % and 80 % for the 1.5x and the 2x excess lithium added, respectively.  The 
additional lithium increases the coulombic efficiency to a value that is much closer to 
commercial viability.  Additional investigations were completed to study the effect of the  
constant voltage step where the cell was held at a constant voltage of 4.3 V until the 
current was reduced to 75, 50 or 10 % of its initial value.  Figure 43 is the first 
charge/discharge curves for SWCNT anode vs. NCA cathode cell with 2x excess lithium 
compensation, with a constant voltage step to 10 % of its initial current.  The voltage  
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Figure 44 First cycle insertion and extraction for a SWCNT electrode with a 
coulombic efficiency of 18 % and a Si-SWCNT electrode with a coulombic efficiency 
of 90 %.  
curves show the capacity of the anode and the cathode on separate axes.  The effect of 
holding a longer constant voltage step increased the first cycle coulombic efficiency of 
this cell to 83 %, a slight improvement over the cell with a constant voltage step to only  
50 % of its initial current.  These improvements in the reduction of the first cycle 
irreversible capacity are necessary for these anodes to realize commercialization; 
however, as the previous body of work indicated, the stand-alone SWCNT electrodes do 
not have as much benefit as an anode as the semiconductor-incorporated:SWCNT free-  
standing electrodes.  These combination or hybrid anodes demonstrate significantly 
higher first cycle coulombic efficiencies without the addition of lithium so there is still a 
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even higher values for these anodes with a study of the inclusion of lithium.  The already 
high coulombic efficiencies, >80 %, for the hybrid electrodes allows for only a small 
amount of lithium mass to be added, <12 % of the anode mass for conservative 
measurements, to achieve even higher first cycle coulombic efficiencies.  For Si-SWCNT 
electrodes as inFigure 44, a conservative mass increase of only 12 % would reduce the 
electrode capacity from 2300 mAh/g to 2000 mAh/g, which is still 6x the capacity of 
MCMB anodes. 
Table 2 Surface area and coulombic efficiencies for different electrode types 
suggesting that surface area reduction contributes to an increase in coulombic 
efficiency for free-standing anodes. 





Efficiency (%)  
SWCNTs 956 20 
Si-SWCNTs (15 min) 143 87 
Si-SWCNTs (30 min) 113 90 
Ge-NP:SWCNT 74 70 
Si-Ge-NP:SWCNT 50 87 
 
Figure 44 shows the first cycle insertion and extraction of a SWCNT electrode and 
the impact on coulombic efficiency of the high surface area SWCNT electrode, with only 
18 % efficiency on the first cycle.  It also shows that the first cycle of a Si-SWCNT 
electrode when fabricated through the LPCVD process, has a first cycle coulombic 
efficiency of 90 %.  Table 2 provides the coulombic efficiencies and surface areas for 
some of the electrode types that were previously described and suggests that as the 
surface area of the electrodes is reduced there is potential for an increase in coulombic 
efficiency.  The large reduction in surface area from almost 1000 m
2
/g for SWCNT 
electrodes to 143 m
2
/g for the Si-SWCNT electrodes corresponds to an increase in 
coulombic efficiency from 20 to almost 90 %.  With additional pore filling by increasing 
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deposition time in the case of the LPCVD of silicon there is an additional increase in 
coulombic efficiency and a further slight reduction in surface area down to 113 m
2
/g.  
Similar trends are observed with the addition of germanium nanoparticles showing a 
large reduction in surface area and an increased coulombic efficiency of 70 %.  Despite 
the fact that these materials are also on the nanoscale, their different composition appears 
to aid in the reduction of surface area likely through mesopore filling.   
B. Electrode Stability:  Electrochemical and Mechanical 
The use of carbon nanotube electrodes in this work was almost exclusively focused on 
their properties and performance as functional anodes; however, preliminary studies were 
performed to investigate their functionality as current collectors for cathode materials.  
Most cathodes that are widely used need to be charged anywhere from 3.5 – 5 V 
depending on the chemistry, with extensive studies focused on increasing the upper 
voltage limit to improve energy densities.  Carbon nanotubes must be electrochemically 
stable within the voltage window that most cathodes require in order for them to be 
suitable cathode current collector replacement materials.  The carbon nanotubes 
synthesized in the NanoPower Labs through laser vaporization and CVD synthesis were 
cycled between 0.005 V and 5 V to probe their stability over that range, and Figure 45 is 
the insertion and extraction for (a) a MWCNT electrode and (b) a SWCNT electrode.  
Both electrodes demonstrate a plateau below 5 V suggesting the window of stability does 
not extend up to 5 V; the plateau for the MWCNT electrode occurs at a slightly higher 
voltage of 4.6 V while the SWCNT plateau begins at 4.4 V.  The instability above 4.4 V 
and 4.6 V for the SWCNTs and MWCNTs, respectively, could limit their feasibility as 




Figure 45 First cycle insertion and extraction up to 5 V for (a) MWCNTs at 50 mA/g 
and (b) SWCNTs at 74 mA/g. 
The material synthesized at the NPRL is only a small subset of the plethora of 
CNT materials available for study and use.  Commercially available material from 
NanoIntegris, purified and type-separated single wall carbon nanotubes through ultra-
centrifugation methods, was purchased to compare with the NPRL produced SWCNTs 
and MWCNTs studied as cathode current collectors.  These materials were studied in a 
similar manner, charged up to 5 V to probe the window of electrochemical stability and 
Figure 46 is the first cycle insertion and extraction for the three NanoIntegris materials.   
All three materials exhibit similar behavior with plateaus occurring near 4.4 V, with the 
purified material beginning to plateau at 1100 mAh/g, the type-separated metallic at 1700 
mAh/g, and the type-separated semiconducting at 2100 mAh/g.  The SWCNT material 
from the NPRL and from Nanointegris show similar trends with plateaus occurring at 
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prove advantageous for finding material that has a larger window of electrochemical 
stability.  
 
Figure 46 First cycle insertion and extraction up to 5 V for Nanointegris carbon 
nanotubes; purified, and type-separated metallic and semiconducting at 74 mA/g. 
In addition to electrochemical stability, the mechanical stability and strength of 
the CNT current collectors are important considerations when considering the scale-up of 
the electrodes for larger form factors.  Large sheets of CNT materials are produced by 
Nanocomp Technologies and these were selected for strength testing because of their 
feasibility as scaled-up electrode production for current collectors.  The strength of the 
CNT electrodes was compared to that of conventional MCMB composites on copper foil 
and the stress vs. strain curves are in Figure 47.  The untreated CNT electrodes from 
Nanocomp exhibit much higher strain for a given stress compared to the composite on 
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Figure 47 DMA strength testing of conventional composites on copper, CNT 
electrodes from Nanocomp and lithiated Nanocomp CNTs.  The stress vs. strain 
curve indicates that lithiated CNT electrodes are comparable in strength to 
composites on copper and the untreated CNT electrodes are even stronger than the 
composite anodes. 
of the composite.  When the Nanocomp electrodes are lithiated they do become more 
brittle, breaking under less strain, but they still show comparable performance to the 
composite on copper for multiple tests.  
C. Full Cell Calculations 
It is clear that improvements in electrode performance with the use of high capacity 
semiconductor-freestanding electrodes are possible, with up to doubling of capacities and 
retention of capacity at high cycling rates.  Improvements on the electrode scale can be 
large; however, the percent improvement may not translate directly when a full cell is 
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Table 3 Material properties for the cathode chemistries used in the full battery pack 
model calculations; density, voltage vs. Li/Li
+
, and specific capacity from published 
experimental results [6, 8] 
Cathodes Density 
(g/cm3) 
Voltage (V vs. Li/Li+) Specific Capacity 
(mAh/g) 
LiCoO2 2.7 3.6 150 
NCA 2 3.6 180 
LiFePO4 1.3 3.4 170 
LiCoPO4 1.2 4.8 167 
Li2FeSiO4 1.3 3.1 320 
Li2MnSiO4 1 4 333 
Li2CoSiO4 1.2 4.1 325 
Envia 2.5 3.7 293 
 
energy density of full cells when several common cathode chemistries are paired with 
high capacity semiconductor storage materials in conventional composites and in free-
standing electrodes.  The calculations required to fully optimize the cathode chemistry 
paired with a high capacity anode in a full battery pack would be extensive if each 
component was optimized in consideration to the other components.  In order to examine 
a breadth of chemistries as opposed to depth of just one, a few assumptions were used to 
simplify the calculations.  For each cathode a composite thickness of 100 µm was used, 
with a 90 % active material weight loading, and a 10 % binder/conductive additive 
weight loading (1.3 g/cm
3
 density).  Values for cathode capacities, discharge voltages, 
and densities were collected from published experimental results (Table 3), which are 
often different than calculated theoretical values [6, 8].  An electrode area of 17 cm
2
 was 
held constant for all full cells; and the mass of electrolyte and cell packaging was not 




Figure 48 Full cell energy density improvements calculated from a simple model for 
several cathode chemistries paired with high capacity anode materials, 1000 and 
2000 mAh/g, in composites and free-standing electrodes.  The calculation restraints 
are provided in the text and the improvements are compared to a cell with a 
comparable cathode paired with a conventional MCMB composite anode.   
electrodes change, but the packaging mass could be assumed to be the same for the cells 
with a constrained volume. 
There are improvements in full cell energy density when high capacity materials 
are incorporated in conventional composites, and this improvement was calculated 
assuming anode storage capacities of 1000 and 2000 mAh/g, with average extraction 
voltages versus lithium of 0.5 V, demonstrated by multiple experimental free-standing 











































































































common cathodes paired with high capacity anode composites, with 1000 and 2000 
mAh/g storage capacity, as compared to a full cell with a comparable cathode paired with 
a conventional MCMB composite anode.  The typical energy density improvements 
range from 5 to 30 % depending on the cathode and which anode capacity was used.  
Such incremental improvements could prove beneficial, but they do not reflect the large 
improvements that these high capacity anode materials are suggested to offer because 
they are employed on a traditional copper current collector.  Experimental results are 
typically reported in terms of active material specific capacities which can be much 
higher than electrode specific capacities which account for the mass of binder, additive 
and current collector.  This method of reporting only active material values as opposed to 
total electrode values is often what leads to discrepancies between experimental values of 
performance and optimized calculated values.   
As previously mentioned it will take a disruptive material or design to realize the 
full benefits of such large capacity storage materials, and the free-standing electrode 
design offers this potential.  Similar full cell energy density calculations were completed, 
keeping the cathode constraints the same.  In this set of calculations a reduction in cell 
weight was observed because of the removal of anode current collector, binder, and 
additive.  This reduction in weight in combination with the use of the high capacity 
storage materials, and a potential thinning of the anode results in a greater increase in full 
cell energy density across the various cathode chemistries.  Improvements range from 
over 30 % to over 75 %, with orthosilicate chemistries showing the highest increase, as 
highlighted in Figure 48.  The physical dimensions for the electrodes used in these 
calculations assumed an electrode area that would correspond to applications on the  
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Table 4 Volumetric energy density calculations for micropower batteries using high 
capacity free-standing anodes to replace conventional anode materials.   





21 10.5 63 31 10.5    
Anode Density 
(g/cm3) 
1.5 1.5 0.5 0.5 1.5    
Anode Capacity 
(mAh/g) 
1000 2000 1000 2000 2000    
Packaging 
Thickness (um) 
226 226 226 226 500    
Vol. Energy 
Density (Wh/L) 
208 214 187 202 122 47 28 3.3 
 
portable electronic scale, with a prismatic style form factor.  For mini and macro sized 
applications, specific capacity is often the dominant metric by which to measure 
performance; however, there are some large scale applications where volumetric capacity 
is just as important to consider if not more important.  In addition, scaling in the opposite 
direction for micro-sized applications, volumetric capacity typically becomes more 
relevant because of the areal footprint restrictions often placed on microsystem devices, 
and conventional electrode design is often modified to accommodate the restrictions of 
micro-power applications.  In line with these applications, predictive calculations 
determined the volumetric density of a cell using a high capacity free-standing anode in a 
micro-scale device.  The results of the calculations for five test cases are listed in Table 4.  
The values for three commercially available microbatteries are also listed for a point of 
comparison.  A 100 µm LiNiCoAlO2 cathode and a 25 µm separator were assumed for all 
the calculations and similarly free-standing anodes with either 1000 or 2000 mAh/g 
storage capacity with an average extraction voltage versus lithium of 0.5 V.  The anode 
thickness was calculated based upon the varied densities and capacities for four cases and 
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the fifth case repeats case #2 with a conservative packaging thickness which was ~ 2x 
that of the conventional laminate.  The calculations suggest that the use of a high capacity 
anode could drastically improve the volumetric energy density of microbatteries up to 
214 Wh/L and even in test case #5 where a conservative packaging thickness is used the 
energy density is still better than twice that of commercially available technologies at 122 
Wh/L.   
D. Full Cell Demonstrations 
A battery is a system in itself, before it even enters into the system it will be 
powering and each facet of battery materials research is essential for achieving a high 
performance device as the end goal. However, achieving a functional device requires 
more consideration and engineering than simply combining each of the individual parts 
and expecting a superposition of the improved performance of each component.  The 
previous section described just a few considerations and design parameters that are 
necessary to optimize and balance which apply specifically to the anode materials used 
within this work.  There are still many other factors that must be considered for a state of 
the art full battery that are outside the scope of this work:  electrolyte combinations, 
packaging, and form factor are just a few of those factors.   
Preliminary work to experimentally demonstrate the capabilities of these 
improved-performance anodes in a full cell was completed with promising results.  Two 
of the previous sections (IV. Thin Film Evaporation and VII. Gas Phase Processing A. 
CVD Nanoparticle Synthesis) discuss the electrochemical performance of full cells made 
with thin film Ge-SWCNT anodes and Ge-NP:SWCNT anodes, respectively.  Briefly, the 
Ge-SWCNT thin film anode was paired with a LiCoO2 cathode and the resulting 
104 
 
discharge capacity to 1V with respect to the anode was 650 mAh/g, Figure 12.  The Ge-
NP:SWCNT:Ti anode was paired with a LiFePO4 cathode and the discharge capacity to 2 
V with respect to the anode was 850 mAh/g, as shown in Figure 49.  As a continuation of 
this full cell performance evaluation, the electrochemical capabilities of some of the other 
anodes discussed in this work will be discussed as a part of the collective full-cell 
investigative work.  The considerations previously discussed, in terms of cut-off voltages, 
charge/discharge rates, and the effects of surface area on coulombic efficiency, have been 
considered with the following cells. Specifically this group of anodes utilizes the benefits 
of depositing thin films of silicon on the electrode to reduce the surface area and 
ultimately increase the first cycle coulombic efficiency.   
The Si-SWCNT electrodes developed using LPCVD deposition methods show 
high reversible capacities (i.e. over 2000 mAh/g) and low extraction voltages (less than 
0.5 V) when tested in a half cell vs. Li/Li+.  The Si-SWCNT electrodes with a moderate 
loading of silicon (20 minute deposition time) were paired with two cathode chemistries 
in a full cell.  Figure 49a is a cell comprised of LiFePO4 opposite Si-SWCNT with a 1 M 
LiPF6 EC:PC:DEC electrolyte discharged to 2.0 V.  The cell was charged to 3.9 V at 
C/10 and discharged at the same rate, with an average discharge voltage of 2.9 V.  The 
discharge capacity with respect to the anode is over 900 mAh/g.  Similarly in Figure 49b, 
the Si-SWCNT anode is paired with a NCA cathode with a 1.2 M LiPF6 EC:EMC 
electrolyte.  The cell was charged to 4.5 V and discharged to 2.0 V at C/10, with an 
average discharge voltage of 3.4 V; the discharge capacity with respect to the anode is 
over 900 mAh/g.  These two discharge curves clearly demonstrate the impact selecting a 
proper cathode has on energy density when pairing with high capacity free-standing  
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anodes, because of the slight reduction in discharge voltage as compared to cathodes 
paired with standard MCMB anodes.  There must be an optimized balance between the 
reduction of the discharge voltage and the increased capacity for these materials to 
maximize cell energy density.   
 
Figure 49 Full cell discharge for a cell comprised of (a) LiFePO4 vs. Si-SWCNT in a 
1 M LiPF6 EC:PC:DEC electrolyte and (b) NCA vs. Si-SWCNT in a 1.2 M LiPF6 





























































The next electrode in the evolution of the hybrid electrodes was the combination of the 
germanium and silicon within a free-standing electrode.  A Ge-NP:SWCNT electrode 
with silicon deposited through LPCVD was characterized and the performance in cells 
versus lithium suggested a further improvement in capacity and energy density over the 
initial Ge-NP:SWCNT by itself.  Figure 50 shows the increase in extraction capacity and 
the reduction of the extraction voltage which directly impacts the discharge voltage in a 
full cell and ultimately the energy density.  The Si-Ge-NP:SWCNT electrodes were also 
paired with two differing cathode chemistries to evaluate their potential in a full cell.  
Figure 50a is a discharge overlay of a LiFePO4 vs. Ge-NP:SWCNT:Ti cell and a LiFePO4 
vs. Si-Ge-NP:SWCNT:Ti cell to 2.0 V at approximately C/10 with a 1.2 M LiPF6 
EC:EMC electrolyte.  Both cells have similar average discharge voltages at 2.9 V; 
however, the cell with Ge-NP:SWCNT:Ti as the anode has a discharge capacity with 
respect to the anode of 840 mAh/g while the cell with Si-Ge-NP:SWCNT:Ti as the anode 
demonstrates a capacity over 950 mAh/g.  The addition of the silicon can offer an 
increase in the specific capacity of the cell, especially at low c-rates.  Figure 50b is the 
discharge curves for three different weight loadings of the Si-Ge-NP:SWCNT anode 
paired with the NCA cathode.  The initial weight loading of the germanium was altered in 
making the Ge-NP:SWCNT anodes and then the deposition time of the silicon was also 
varied to obtain three different weight loading combinations: Si-Ge-NP:SWCNT:Ti 
[9:78:12:1], [15:77:7:1], [10:80:8:2].  The resulting weight loading are somewhat similar 
with each cell representing a ‘high’ for a particular material weight loading – Si, Ge, or 
SWCNTs.  All three weight loadings have first cycle discharge capacities with respect to 
the anode to 2.0 V between 950 and 1050 mAh/g, and an average discharge voltage of 
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3.4 V.  The anode with the weight loading Si-Ge-NP:SWCNT:Ti 9:78:12:1, has the 
lowest discharge capacity which could be a result of the slightly higher SWCNT content 
contributing less to the overall storage capacity; the other two weight loading  
 
Figure 50 Full cell discharge for a cell comprised of (a) LiFePO4 vs. Ge-
NP:SWCNT:Ti overlaid with LiFePO4 vs. Si-Ge-NP:SWCNT:Ti in a 1.2 M LiPF6 
EC:EMC electrolyte and (b) NCA vs. Si-Ge-NP:SWCNT:Ti electrodes with three 
different weight loadings ([9:78:12:1], [15:77:7:1], [10:80:8:2])  in a 1.2 M LiPF6 
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combinations have a higher total Si + Ge weight loading, leading to a higher specific 
capacity.  Similar to the Si-SWCNT anodes, the silicon-germanium hybrid anodes must 
be paired with a proper cathode, while taking into consideration the changes in voltage 
and capacity that will occur by replacing the conventional MCMB anodes.   
 
Figure 51 Full cell discharge for a cell comprised of NCA vs. Si-Ge-NP:SWCNT:Ti 
with the silicon deposited through PECVD methods.  The discharge curves are for 
the first two cycles at a slow rate, 0.06C, and for two increasing discharge rates, 
0.12C and 0.24C. 
 An alternative mixed hybrid anode fabricated using PECVD methods to 
incorporate the silicon was also paired with a NCA cathode using a 1.2 M LiPF6 
EC:EMC electrolyte to investigate its functionality in a full cell.  Figure 51 highlights the 
discharge curves to 2.0 V for a Si-Ge-NP:SWCNT:Ti [9:78:12:1] anode paired with NCA 
for three discharge rates from 0.06C to 0.24C.  The first discharge capacity at 0.06C with 
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electrodes, but is it lower than the equivalent weight loading Si-Ge-NP:SWCNT 
electrode fabricated through LPCVD.  The discharge capacity and the discharge voltage 
both show reductions as the discharge rate is increased up to 0.24C, with values of 690 
mAh/g and 3.3 V, respectively.  The reduced capacity for this PECVD Si-Ge-
NP:SWCNT anode is contributed to the non-optimized capacity matching with the NCA 
cathode that occurred during the cell building.  A mismatched capacity can contribute to 
additional fade in a cell if there is not adequate lithium to account for any loss associated 
with SEI formation.          
 The energy densities for a selection of full cells were calculated based upon the 
experimental electrochemical data using the full electrode masses of the cathode and 
anode.  Figure 52 shows the energy densities for several full cells; LPCVD hybrid anode 
cells containing both silicon and germanium are compared to PECVD hybrid anode cells, 
LPCVD SWCNT anode cells, and a control MCMB anode cell in various weight loadings 
for silicon and germanium.  All the cells were capacity matched with an NCA cathode 
with 5-10 % excess cathode to determine and probe the full capacity of the anodes using 
a 1.2 M LiPF6 EC:EMC electrolyte solution, and they were all charged at ~ C/10.  The 
control MCMB anode cell demonstrates a stable energy density of 165 Wh/kg at slow 
discharge rates and drops to 150 Wh/kg at C/5 discharge and 135 Wh/kg at 2C.  The 
Si:SWCNT LPCVD prepared anode paired with NCA results in an energy density of 140 
Wh/kg at a slow discharge rate and immediately fades on subsequent cycles to 50 Wh/kg 
at a 2C discharge.  All the hybrid anode cells, prepared by both PECVD and LPCVD, 
demonstrate much higher energy densities at slow discharge rates, ranging from 260 
Wh/kg to 330 Wh/kg.  At slow discharge rates there is negligible difference in the energy 
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density between the PEVD and LPCVD preparation methods; as the discharge rate of the 
cells is increased to C/5 and up to 2C the PECVD Si-Ge-NP:SWCNT anodes 
demonstrate a higher retained capacity and average discharge voltage leading to a higher 
energy density over the LPCVD prepared anodes.  This fade could be contributed to by 
the lessened mechanical stability of the LPCVD silicon hybrid electrode as compared to 
the PECVD electrode.  At discharge rates of ~2.5C the PECVD hybrid electrodes have 
energy densities of up to 120 Wh/kg and the LPCVD hybrid electrodes at 2C have 
average energy densities of 50 Wh/kg.  There is a decrease in energy density values for 
the mixed hybrid anodes at higher discharge rates similar values of that of to the MCMB 
control cells; however, the high energy densities at slow discharge rates of the hybrid-
based cells which are almost a doubling of the MCMB-based cells motivates the use of 
these hybrid anodes in applications that demand high energy.  Thus, during this 
dissertation, significant progress towards demonstrating a much higher energy density 




Figure 52 Electrode energy density for a selection of anodes paired with NCA 
cathode based upon experimental electrochemical data.  The full cells were capacity 
matched with 5-10 % excess cathode to probe the full capacity of the anodes. The 
energy densities compare LPCVD silicon cells with LPCVD hybrids, PECVD 

















































The focus of this work has been the development of nanomaterials as high 
capacity storage materials for the enhancement of anode energy and power density in 
lithium ion batteries.  Several key aspects were studied in parallel culminating in a 
systems-level approach to improving lithium ion battery performance:  1) nanomaterial 
synthesis and characterization, 2) fabrication of free-standing electrodes through a variety 
of techniques, and 3) assembling full cells with high performance anodes in a balanced 
design.  The results from each experimental investigation led to the fabrication of high 
performance lithium ion batteries utilizing a novel free-standing electrode design which 
incorporates high capacity storage materials.   
A substantial component of this dissertation was dedicated to the development of 
free-standing electrodes which provided a robust electrical percolation and mechanical 
support for high capacity semiconducting storage materials.  The study of several 
techniques to incorporate both silicon and germanium into CNT free-standing electrodes 
included evaporation techniques, chemical vapor deposition techniques, in situ solution 
processing, and post-synthesis incorporation of high capacity nanomaterials.  These 
techniques required an understanding of both basic chemistry and microelectronics 
processing techniques, which resulted in a breadth of processing techniques to optimize 
electrode design.  The differences in incorporation techniques drastically altered the 
electrode performance even for similar material combinations, and it became evident that 
not only must high quality materials be used but they must be combined in an effective 
network for enhanced anode performance.  This alone has a large impact on electrode 
design and fabrication as different end applications may require different processing 
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needs; for example some micropower applications may require the fabrication to be 
CMOS compatible, whereas scaled-up electrode fabrication may require processes that 
can be repeatable across large batches.      
The materials characterization of the synthesized material and the electrochemical 
characterization of the fabricated electrodes was also a significant portion of this work, 
because of the necessity to ensure an understanding of the contributing factors impacting 
electrode performance.  There are many components that can affect electrode 
performance ranging from the quality of the starting nanomaterials to the electrolyte and 
cell preparation; each of these must be systematically studied to eliminate confounding 
effects.  A variety of materials characterization techniques were iteratively used with 
experimental syntheses and fabrication methods to attempt to optimize each of the 
incorporation techniques into the CNT electrodes. Several techniques including 
spectroscopy, microscopy, and diffractometry were utilized to determine the crystallinity, 
purity, particle size, and coating uniformity of the silicon and germanium materials 
within the nanotube network.  The electrochemical characterization led to the 
understanding of several important elements of proper testing protocol for electrodes 
versus lithium; including the degree of lithiation/delithiation and the rate of insertion and 
extraction into the various storage materials.  This understanding resulted in standardized 
voltage ranges to control the alloying in silicon and germanium and standardized cycling 
currents to accommodate the need for slow insertion with anode materials.  The 
electrochemical characterization of the anodes developed throughout this work revealed 
free-standing electrodes with capacities of 800 mAh/g up to 2100 mAh/g vs. lithium and 
electrode types with modestly stable capacities at an equivalent 1C extraction rate. 
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A third focus of this Dissertation was the consideration of full cell assembly.  A 
simple model predicting the expected improvements in energy density was developed in 
parallel with experimental full cell fabrication pairing the anodes with common cathode 
chemistries of LiCoO2, LiNiCoAlO2, and LiFePO4.  The model was developed to 
compare the performance of state of the art batteries using MCMB anodes with those that 
replaced the MCMB anode with a high capacity free-standing electrode, with capabilities 
similar to those produced experimentally; it suggested possible improvements up to 75 % 
in energy density for some cathode chemistries.  The experimental fabrication of full cells 
considered the effects of capacity matching, first cycle loss, electrolyte effects and 
voltage ranges to demonstrate the first full cell lithium ion batteries using free-standing 
anodes.  These cells demonstrated high discharge capacities, up to 950 mAh/g for mixed 
hybrid anodes containing both silicon and germanium, with respect to the anode and 
stable cycling in a coin cell form factor.  This work contributed to the experimental 
testing of full batteries and supported the need for a movement from testing electrodes 
versus lithium to testing them opposite a functional cathode in an effort to more closely 
simulate end-use environments.  The optimization of electrolyte and form factor was not 
extensively studied for this investigation but the initial studies set a precedent for 
necessary future work in this area.        
 The impact of the development of nanomaterials for high performance lithium 
ion battery anodes spans the spectrum from macro to micro sized storage devices and has 
and will continue to direct the paths of battery development.  Incremental improvements 
in electrode performance will not achieve the performance demands of a soon 
‘electrified’ society; it takes innovative and revolutionary material and design 
115 
 
modifications to meet the ever growing demands for energy storage and power.  The 
work of this Dissertation provides evidence that alternative electrode designs in 
conjunction with high capacity semiconductor materials can be optimized to realize the 
energy densities necessary for many types of applications like the electric vehicle and on-
chip power supplies.  This work offers contributions to the quickly growing field of 
electrode development for lithium ion batteries and demonstrates the necessity to 
consider batteries as an entire system as opposed to mutually exclusive components in 
order to move the technology forward.  This is a timely contribution to the rapidly 




APPENDIX A: NICKEL CONTACTING ON HYBRID ANODES 
 Prior work showed the viability of both nickel and titanium as contacting metals 
for SWCNT electrodes to the battery terminal.  The work following that study on hybrid 
anodes using silicon and germanium consistently used Ti as the backside electrode 
contact on the free-standing electrodes.  Nickel was verified as a functional contact for 
the hybrid electrodes as well because of the more common use of nickel as battery 
terminals.  This study was carried out as attempts to scale up the electrode fabrication for 
pouch cell development was taking place.  A 100 nm nickel contact was deposited 
through electron beam evaporation on the backside of a Ge-NP:SWCNT electrode.  
Figure 53 is an SEM image of the Ni contact on the Ge-NP:SWCNT electrode; the nickel 
uniformly coats the electrode and the SWCNT bundle morphology is still visible with the 
thin coating.   
 
Figure 53 SEM image of a 100 nm Ni contact on a Ge-NP:SWCNT anode at 50,000x 
magnification. 
 The electrochemical stability of the nickel-contacted electrode was tested in a cell 
opposite lithium.  Figure 54a is the first cycle insertion and extraction and the second 
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cycle extraction of a Ge-NP:SWCNT:Ni electrode at 50 mA/g up to 3 V.  The first cycle 
extraction capacity is 800 mAh/g with a voltage plateau at 0.5 V, consistent with the 
titanium-contacted hybrid anodes.  The second cycle shows an increase in capacity up to 
900 mAh/g and a shift in the extraction voltage plateau to a lower value which is also 
consistent with the Ti-contacted anodes.  The rate capability of the electrode with the 
nickel contact is shown in Figure 54b.  The electrode shows stable capacity retention up 
to 500 mA/g extraction current and shows fade as the extraction current is increased up to 
1000 and 2000 mA/g.  This fade is similar to that of Ti-contacted hybrid anodes and the 
resulting final extraction capacities of 200-300 mAh/g for the Ni-contacted hybrid 
electrode are similar to the Ti-contacted electrodes.  
 
Figure 54 (a) First cycle insertion and extraction and second cycle extraction for a 
Ge-NP:SWCNT anode with a 100 nm Ni contact at a constant current of 50 mA/g.  
(b) Cycling of a Ge-NP:SWCNT:Ni anode at 50 mA/g for the first two cycles up to 3 
V and insertion at 100 mA/g up to 1.5 V with extraction currents of 100, 200, 500, 
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APPENDIX B: GERMANIUM THIN FILM ON GE-NP:SWCNT ANODES 
 A short study investigated the materials and electrochemical performance of 
combining the thin film germanium electrode with the Ge-NP hybrid electrode.  
Germanium was deposited by electron-beam evaporation, at a thickness of 150 nm, onto 
a Ge-NP:SWCNT electrode.  Figure 55 is SEM images of the Ge-Ge-NP:SWCNT 
electrodes at (a) 15,000x and (b) 50,000x magnification.  The thin coating uniformly 
covers the electrode and begins filling in the mesopores while still showing bundle 
morphology; however, the difference in deposition technique gives rise to a different 
surface morphology than the silicon-coated Ge-NP:SWCNT electrodes.  The Raman 
spectroscopy characterization of the electrode indicated the mixture of the two 




Figure 55 SEM images of 150 nm of electron-beam evaporated germanium on a Ge-
NP:SWCNT anode at (a) 15,000x and (b) 50,000x magnification 
 The electrochemical capabilities of the Ge-Ge-NP:SWCNT electrodes were 
tested.  Figure 56a is the first cycle insertion and extraction of the electrode opposite 
lithium at a constant current of 50 mA/g up to 3 V.  The extraction capacity approaches 




electrodes.  The rate capability of the cell is shown in Figure 56b where the cell was 
cycled at 50 mA/g up to 3 V for two conditioning cycles followed by an insertion current 
of 100 mA/g and extraction currents of 100, 200, 500, 1000, and 2000 mA/g up to 1.5 V.  
The capacity is stable up to a 500 mA/g extraction current and then shows significant 
fade at the highest two extraction currents.   
 
Figure 56 (a) First cycle insertion and extraction at 50 mA/g of a Ge:Ge-
NP:SWCNT anode up to 3 V. (b) Cycling of the Ge:Ge-NP:SWCNT anode at 50 
mA/g for the first two cycles and at 100 mA/g insertion current with 100, 200, 500, 
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